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Abstract
Abstract
Fouling and corrosion are probably the major engineering problems in process plants 
and in heat exchanger design and operation. Fouling is the formation of undesired 
deposits on heat transfer surfaces and corrosion is the deterioration and loss of material. 
The occurrence of these processes has strong adverse effects on the performance of heat 
exchangers and operating plants.
In the present work, the influence of surface properties (surface free energy & surface 
roughness) on crystallisation fouling, biological fouling, wax deposition and corrosion 
has been investigated. In order to carry out the experimental investigations on 
crystallisation and biological fouling, the surfaces of several pairs of Alfa Laval M3 
stainless steel heat exchanger plates have been modified. The experiments for the 
investigation on paraffin deposition on modified surfaces have been carried out using 
stainless steel tubes with various surface modifications, to change surface energy and 
roughness. The corrosion tests have been performed with modified carbon steel 
specimens.
Test samples have been treated using different surface treatment technologies, namely 
ion beam implantation, magnetron & arc ion sputtering, carbo-nitriding & oxidising, 
electroplating, chemical vapour deposition, commercial coatings and Ni-P-PTFE 
coating. These treatment techniques have been used for the reduction of the surface free 
energy of the test surfaces. Two pairs of plates have been pickled and electropolished in 
order to achieve rougher and smoother surface conditions compared to the untreated 
plates.
The surface free energy of the treated surfaces was calculated from dynamically 
measured advancing contact angles using the sessile drop method. For the ‘high energy’ 
surfaces (untreated, pickled, sand blasted, sanded and electropolished), a two-liquid 
method was applied using two different n-alcanes and water as test liquids. In case of 
Tow energy’ surfaces (ion implanted, sputtered, carbo-nitrated & oxidised and Ni-P- 
PTFE coated), the contact angles were determined with a one-liquid method. Water,
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benzyl alcohol and ethylene glycol were used as test liquids, and air represented the 
embedding phase.
Flow simulations in 3-dimensional heat exchanger ducts were performed, using a 
commercial CFD package. The objective was the prediction of local flow patterns; 
temperature distribution, pressure drop as well as local heat transfer coefficients and 
wall shear forces.
Laminar and turbulent simulations with heat transfer were carried out for the corrugated 
section of plate heat exchanger ducts. The flow velocity was varied in the range from 
Re=1000 to Re=3000. The RNG k-e model was chosen for the turbulent simulations, 
because of its capability to solve complex swirling flows even at low Reynolds 
numbers. Periodic boundary conditions were applied to produce a fully developed flow 
in the computational domain.
The simulations of turbulent flow in corrugated ducts with two different corrugation 
angles, namely 30730° and 60760° have shown that the flow conditions in the wake of 
the contact point cause vortex formation leading to re-circulation zones. Additionally 
stagnant zones around the contact point could be seen. Around the contact points high 
temperatures caused by heat accumulation were predicted. Since high temperature and 
low flow velocities are two criteria necessary for fouling to occur, the prevailing flow 
conditions are responsible for the risk of deposition due to CaSC>4 crystallisation.
Two new designs of plate corrugation were developed. The plates with asymmetrical 
corrugations have a corrugation angle of 60760°. The difference compared with a 
conventional Alfa Laval M3 duct (60760°) is that the sinusoidal wave is a combination 
of two different wavelengths leading to an asymmetrical shape of the corrugation. The 
comparison of pressure drop showed that the new design caused a higher pressure drop 
due to the strong vortex formation. Meanwhile for processes where a shut down due to 
fouling causes high costs this new design could be interesting.
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The second plate design has an egg-box shaped design, consisting of quadratic elements 
with dimples with a corrugation angle of 90790°. The egg-box design showed high heat 
transfer rates at Re<2000 and lower pressure drops in comparison with a conventional 
60760° corrugation. This result is somewhat surprising but it is suggested that a more 
longitudinal flow with less “energy”-consuming vortices is responsible for the high heat 
transfer rates at lower pressure drops. The wall shear stress, however, showed low 
values at larger parts of the corrugated wall so that the fouling deposition is not reduced 
in comparison to the fouling behaviour in a conventional 60760° duct.
To achieve a more even distribution of flow in a corrugated plate channel the plate 
geometry was redesigned. A plate with two ports on the topside and one port on the 
bottom side was generated. The flow in this plate channel showed less re-circulation 
because of a smoother shape in the distributor regions, and hence should be less prown 
to fouling.
To investigate the flow pattern in real heat exchangers a test rig was built and the flow 
in a diagonal flow heat exchanger duct (Alfa Laval M3, 60760°) was visualised with the 
PEPT- method (Positron Emission Particle Tracking). Since the method is based on the 
detection of a radioactive particle the heat exchanger had not to be made of transparent 
material. Therefore for the first time the flow paths in a real plate heat exchanger duct 
could be investigated. This method allowed the localisation of the tracer and produced a 
set of 3 cartesian coordinates and time. Conventional flow visualisation techniques 
usually only produce 2-dimensional representations of flow patterns. These results gave 
a good insight in the prevailing flow conditions. Low flow velocity zones could be 
detected, which are mainly located in the comers of the inlet and outlet distributors. 
This is caused by the uneven flow distribution of the duct in a plate heat exchanger. 
Computational results compared well with those obtained experimentally.
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Introduction
1 Introduction
Fouling and corrosion are probably the major engineering problems in process plants 
and in heat exchanger design and operation. Fouling is the formation of undesired 
deposits on heat transfer surfaces and corrosion is the deterioration and loss of material. 
The occurrence of these processes has strong adverse effects on the performance of heat 
exchangers and operating plants.
The deposition of foulants gives rise to additional costs due to increased capital costs, 
additional maintenance costs, higher energy requirement and costs of production losses. 
Costs caused by the process-related formation of deposits on heat transfer surfaces are 
in the order of 40.000 million US Dollars per year, for the total industrialised world 
(Miiller-Steinhagen, 1993). In order to compensate for the diminished performance of 
heat exchangers and to reduce the associated costs due to deposit formation, the heat 
transfer area is often overdesigned by 10 to 200%. According to Steinhagen et al 
(1993), excess surface area of 30 to 40% may correspond to 25% additional capital cost.
Waxy crude oils create a variety of problems in their transportation through pipelines in 
deep water environments. One major problem observed is the deposition of paraffin in 
the pipeline during flow. During transportation from the well bore the crude oil 
undergoes rapid temperature reductions due to heat transfer to the surrounding cold 
water. When the oil temperature near the pipe wall cools below a certain temperature, 
the so called “cloud point” , paraffin crystallises and deposits on the surface of the pipe. 
The most serious effect of these pipeline deposits is an increase in pressure drop and 
consequent reduction in the throughput of the lines. Where severe paraffin deposition 
occurs, removal of the deposits by mechanical, thermal or other means is required, 
resulting in costly downtime and increased operating costs. These problems threaten 
long-term economic production and are expensive to solve with documented cases 
ranging from US$ 2.5 million to 4,0 million (including lost production) (Leontaritis, 
1996). Thus, it is important to determine the influence of several parameters on wax 
deposition, such as temperature and flow rate or surface properties. Since paraffin
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deposition causes annual losses of billions of dollars, new strategies for prevention and 
mitigation are of great interest to oil industry.
The impact of corrosion can be viewed in terms of its effects on both capital and 
operational expenditures (CAPEX and OPEX) and health, safety and environment. 
Based on recent extensive surveys, the financial impact of corrosion on the oil industry 
is estimated to be in excess of 11.5% on lifting costs plus an 8.5% increase on CAPEX. 
For BPX (BP Exploration), a translation of these figures indicates corrosion expenditure 
in 1994 was in order of $ 530 million. With the planned production and the anticipated 
increase in water production, the overall annual cost of corrosion for BPX could be 
expected to escalate to $ 640 million.
As prevention is considerably more economical than cure, the best way to minimise 
fouling-incurred costs, is to prevent their occurrence altogether. Heat exchanger fouling 
and corrosion can be reduced by design, appropriate selection of heat exchanger type 
and operating conditions and by several mitigation methods, such as mechanical or 
chemical mitigation. A variety of chemical and mechanical methods have been 
suggested to control the formation of deposits (Bott, 1995). Therefore, an additional 
investment is required to limit the occurrence and the consequences of fouling and 
corrosion.
Deposition and adhesion of deposit onto a surface are supposed to depend on surface 
properties like surface free energy, surface roughness and surface topography. The 
assumption is made that a decrease in surface free energy and roughness and a regular 
surface topography should reduce paraffin deposition.
Attempts have been made to develop strategies for reducing the fouling tendency of 
heat exchangers at the design stage. In the case of Plate Heat Exchanger (PHEs), proper 
design of the distributors at the inlet and outlet of the plates is a possibility for obtaining 
a more homogeneous flow distribution across the plate width and hence avoiding ‘dead 
zones’ (Zettler, 1997), (Kho, 1998).
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Fouling and corrosion are mostly driven by intermolecular forces and surface 
interactions on deposit formation, therefore the core of this problem are the mechanisms 
of adhesion. In order to affect the interaction between the heat exchanger surface and 
the foulant, surface treatments have been applied to reduce the surface free energy, the 
most important physical-chemical property of a solid surface. In general, the lower the 
surface free energy of a solid, the weaker is the adhesion of deposit on it (Zhao & 
Muller-Steinhagen, 1999).
The successful performance of modified heater rod surfaces in pool boiling and 
subcooled flow boiling has already been demonstrated in the Department of Chemical 
& Process Engineering at the University of Surrey (Muller-Steinhagen et al., (1997), 
(1999); Zhao & Muller-Steinhagen, (1999); Van Buren, (1999). The stainless steel 
surfaces were treated using ion implantation, ion sputtering and other coating 
technologies. It was shown that owing to the lower surface free energy, the amount of 
deposited salt crystals (CaSC>4 and CaC03) onto the heater rod surfaces was reduced 
significantly as compared to results obtained with untreated stainless steel surfaces.
The objective of this study is to investigate fouling and corrosion phenomena for 
modified surfaces of various solutions. One part of the present work is the investigation 
of the influence of surface properties of corrugated heat exchanger plates on calcium 
sulphate crystallisation fouling from aqueous salt solutions and on biological fouling of 
Rhine river water. Another part of this study is to investigate the influence of these 
modified surfaces on wax deposition in oil pipelines. Since wax deposition and 
corrosion in pipelines are related issues, it was a logical extension to use the modified 
surfaces and to investigate the influence of surface properties of modified carbon steel 
probes on CCVcorrosion in a 3% NaCl solution.
The applied surface treatment techniques for the heat exchanger plates and the probes 
are ion implantation, ion sputtering (magnetron & arc sputtering), carbo-nitriding & 
oxidising and Ni-P-PTFE coating. Details about the various treatment technologies can 
be found in chapter 5.5. In total more than 25 different surfaces have been prepared for 
this investigation. Other process parameters such as temperature, solution composition,
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flow velocity and corrugation inclination angle of the plates were kept constant in order 
to allow a comparison between the different surface treatments. To evaluate the 
influence of surface roughness on CaSC>4 crystallisation fouling, two pairs of plates 
were electropolished and pickled respectively. Surface energy and surface roughness 
measurements were carried out to characterise the treated surfaces. The results are 
compared with those obtained with untreated surfaces under identical conditions.
At this screening stage of the investigation, different treatment technologies were tested 
in order to verify which treatment method performs best in terms of reduced fouling 
resistance and reduced pressure drop. In order to prove the industrial relevance of the 
fouling and corrosion problem, affected industries (i.e. BP-Amoco on the corrosion side 
and BASF-AG on the cooling water side) have been involved in this study.
It is well known that the design of equipment plays an important role in mitigation of 
fouling. In particular this is the case in heat exchange equipment with narrow channels. 
Since over the last few decades, the use of plate heat exchangers has increased rapidly, 
these heat exchangers have been the object of studies in the second part of this thesis, in 
which the fouling problem has been tackled by another approach, i.e. optimisation of 
design.
The increased use of plate heat exchangers is due to several advantages. Plate heat 
exchangers can achieve high heat recoveries with small temperature approaches. The 
high turbulence due to the corrugated plates reduces fouling to about 10 to 25% of that 
of a shell-and-tube exchanger (Focke, 1988). Process changes are readily implemented 
by adding or removing plates. The small liquid hold up is beneficial when toxic, volatile 
and temperature-sensitive fluids are processed. Furthermore, plate heat exchangers 
require less space than shell-and-tube heat exchangers and subsequently weigh less. 
Due to the thin plates, less material is required for the same heat duty, consequently 
plate heat exchangers are cheaper, if exotic materials are used.
One of the main reasons, why plate heat exchangers are not used more frequently is the 
uncertain fouling behaviour. Even though the high level of turbulence and the high
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shear stress may reduce fouling more efficiently than in tubular heat exchangers, the 
effect of fouling may be considerably worse due to the high heat load that is transferred 
per unit area. Deposition even on a small part of the heat transfer area may cause more 
damage to the overall performance than fouling of single tubes in shell and tube heat 
exchangers, due to the relatively larger percentage of lost heat transfer and flow area.
Fouling in plate heat exchangers is strongly affected by the prevailing flow 
characteristics. In some regions the existence of re-circulation, low flow velocity and 
the production of vortices leads to increased fouling deposition (Focke, 1986), (Kho, 
1999). As prevention, the local flow distribution and flow velocity can be improved by 
re-designing the flow duct. Therefore, detailed information about the prevailing flow 
characteristics is required.
Experimental visualisation methods only produce 2-dimensional overall flow 
characteristics, but they are not capable of analysing quantities like flow velocity, wall 
shear stress, pressure and temperature distribution at different locations within the plate 
heat exchanger. Quantitative measurements are limited because of the complex 
geometry and produce only rough pressure drop and temperature data.
To obtain further and three dimensional information on the flow distribution in the plate 
heat exchanger duct, the flow pattern was experimentally investigated using a new flow 
visualisation technique, which had, so far not been applied to flow in plate heat 
exchangers, the so called Positron Emission Particle Tracking (PEPT). These results 
may later be taken to validate numerical results for flow in the whole plate heat 
exchanger channel.
Since experimental work is a time and money consuming task, numerical modelling of 
flow and heat transfer finds increasing applications. Computational Fluid Dynamics 
(CFD) gives an unlimited level of detail of results and allows a reduction of lead-times 
and costs for new designs.
Introduction
Therefore the further objective of this work is the simulation of flow and heat transfer in 
standard plate heat exchanger ducts. Since fouling due to crystallisation depends on 
local flow- and temperature conditions, the predictions of the simulation can be used to 
improve the plate design to reduce the risk of fouling deposition.
Ducts of the coiTugated section of a standard Alfa Laval M3 plate heat exchanger were 
generated for various corrugation angles using a commercial CFD-package. The laminar 
and turbulent convective flow and heat transfer for single-phase flow in these 
geometries was simulated. The obtained numerical results were validated with 
experimental pressure drop and heat transfer data. Furthermore, the local flow pattern 
was investigated and compared with results of fouling deposition in plate heat 
exchangers.
Based on these numerical results of the standard geometry, flow simulations were 
carried out, to determine the influence of new corrugation designs and new overall 
channel characteristics on local flow velocities, wall shear stress, temperature 
distribution, local heat transfer and pressure drop.
It is hoped that all the results in this thesis, whether they are experimental or numerical 
will lead to the increased awareness of this apparent problem, and therefore to 
mitigation of fouling in the various industries affected.
Fundamentals o f Fouling
2 Fundamentals of Fouling
Fouling has been realised as a nearly universal problem in design and operation of 
processing equipment. Fouling is defined as the accumulation of unwanted deposits on 
the surfaces of heat exchangers. The presence of these deposits represents a resistance 
to the transfer of heat and therefore reduces the efficiency of the particular heat 
exchanger. The foulant may be crystalline, biological material, the product of chemical 
reactions including corrosion, or particulate matter. Fouling can occur as a result of the 
fluids being handled and their constituents in combination with the operating conditions 
such as temperature and velocity.
2.1 Mechanisms of Fouling
According to the mechanism responsible for deposit generation, fouling has been 
classified into crystallisation fouling, particulate fouling, chemical reaction fouling, 
corrosion fouling and biofouling:
Crystallisation fouling is the deposition of a solid layer on a heat transfer surface, 
mainly resulting from the presence of dissolved inorganic salts in the flowing solution. 
It may occur whenever the solution becomes supersaturated at the heat transfer surface. 
Supersaturation may be the result of heating, cooling, evaporation, change in chemical 
composition or mixing. Usually, salts with inverse solubility cause more problems in 
chemical processing than normal soluble salts, because they become supersaturated by 
heating. Typical salts with inverse solubility are calcium carbonate, calcium sulphate 
and silica salts. Crystallisation fouling is subdivided into two consecutive steps, called 
nucleation and crystal growth. Once nuclei have been formed, only a small amount of 
supersaturation is required for the growth of crystals. The fundamental driving force for 
deposition is the difference between the chemical potential of the substance in the bulk 
solution and at the heat transfer surface. For a fluid of a given composition, 
crystallisation fouling usually depends on operational parameters like flow velocity, 
bulk temperature and surface temperature.
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Particulate fouling is the accumulation of solid particles suspended in a fluid onto the 
heat transfer surface. If the deposition occurs due to gravity, it is referred to as 
sedimentation fouling. Suspended particles can be ambient pollutants (sand, silt, clay), 
upstream corrosion products, or products of chemical reactions occurring within the 
bulk fluid. This type of fouling is more likely to occur in low flow regions and stagnant 
areas. The mechanical resistance to break off a weakly adherent particulate deposit is 
lower than for a crystal deposit and it can usually be successfully removed by 
mechanical techniques such as brushes.
Chemical reaction fouling is caused by deposit formation as the result of chemical 
reactions at the heat transfer surface. The heat exchanger surface material does not react 
itself, although it may act as a catalyst. This type of fouling depends on the chemical 
composition of the stream and the temperature. The chemical reaction takes place at the 
heat transfer surface and the formed deposit will remain there. Since the reaction rate 
varies exponentially with temperature, higher temperatures promote chemical reaction 
fouling. This kind of fouling is a common problem in chemical process industries, oil 
refineries and dairy plants.
Corrosion fouling occurs when the heat exchanger material reacts with the fluid to form 
corrosion products on the heat transfer surface. Surface corrosion contributes to fouling 
in different ways. On the one hand, corrosion products form an adherent layer of heat- 
resisting deposit and may act as catalyst, hence stimulating other fouling processes. On 
the other hand, because of corrosion the surface roughness will be increased. This 
increases the number of nucleation sites and consequently promotes crystallisation 
fouling. In seawater applications, e.g. desalination plants or cooling water, corrosion of 
heat transfer surfaces is a major problem.
Biological fouling is the development and deposition of organic films consisting of 
microorganisms and their products (microbial fouling), and the attachment and growth 
of macro-organisms such as barnacles or mussels (macrobial fouling). For support and 
reproduction, the organisms require water and nutrients. Biological fouling differs in a 
number of ways from other fouling mechanisms. It is normally limited to a temperature
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range of 0 -  60 °C and the rate of growth depends on the availability of nutrients. A  
variety of materials can suffer from biological fouling including stainless steel. 
Generally, several fouling mechanisms occur at the same time, nearly always being 
mutually reinforcing. One notable exception is particle deposition together with 
crystallisation, which weakens an otherwise tenacious scale.
Table 2.1 gives an overview on the frequency of the different fouling mechanisms in the 
New Zealand industries, where about 1,000 companies reported their experiences due to 
the occurrence of the several fouling mechanisms (Steinhagen et al., 1993). Corrosion 
fouling is the mechanism with the highest frequency, but Table 2.1 indicates also that 
there are high interests in the mitigation of crystallisation fouling.
1 Fouling Mechanism Frequency [%]
Corrosion 32.4
Crystallisation 24.5
Particulate 18.7
Biological 13.6
Freezing/Solidification 5.8
Chemical Reaction 5.0
Table 2.1: Frequency o f  fo u lin g  mechanisms in  New Zea land industries  
(Steinhagen et al., 1993)
2.2 Sequence of Fouling
The above fouling mechanisms generally occur in five following consecutive steps:
Initial Phase or Delay Period
i
Mass Transport
I
Deposition 
Removal Ageing
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Initiation or delay period. When a new or cleaned heat exchanger is put into operation, 
the initial high heat transfer coefficients may remain unchanged for some time. This 
delay period can be anything from a few seconds to several days and may be required to 
establish conditions that promote fouling. For example, nuclei for crystallisation are 
formed or nutrients for biological growth are deposited. For crystallisation and chemical 
reaction fouling, the initiation period decreases with increasing surface temperature. For 
the majority of the experiments in this investigation, there was only a very small delay 
time or none at all.
Mass transport. To form a deposit at the heat transfer surface, at least one key 
component has to be transported from the bulk of the fluid to the heat transfer surface. 
In most cases, this occurs by diffusion. Concentration differences between the bulk and 
the heat transfer surface are the driving force for diffusion.
Formation of the deposit. After the foulant has been transported to the heat transfer 
surface, it must stick to the surface or react to give the deposit forming substance. Van 
der Waals forces, electrostatic forces and surface tension forces are some important 
factors contributing to deposit adhesion. If all matter arriving at the heat transfer surface 
stick to it, the concentration at the surface becomes zero. The deposition is then 
controlled by diffusion to the heat transfer surface. If diffusion is fast, then the surface 
concentration is only slightly less than the bulk concentration, fouling is reaction or 
sticking controlled.
Removal or auto-retardation. Depending on the strength of the deposit, erosion occurs 
immediately after the first deposit has been formed. Net deposition is, therefore, the 
result of deposition and removal acting simultaneously. Removal may be caused by 
shear stress exerted by the fluid, dissolution or thermal shock. Hence, the strength of the 
deposit influences the removal rate considerably. Furthermore, several mechanisms 
exist which cause auto-retardation of the deposition process.
Ageing. Every deposit is subjected to this stage. Physical and chemical changes may 
occur as soon as the foulant is deposited. This can be caused by reaction with the heat
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transfer surface or due to the operating conditions. Ageing can increase the deposit 
strength by polymerisation, recrystallisation, or dehydration. Biological deposits 
weaken with time due to contamination of organisms. Ageing is the least investigated 
and understood step.
2.3 Fouling Curves and Rates
The rate of fouling is a complex function of time and can be described either by a linear, 
falling, asymptotic or a saw tooth profile depending on the dominant mechanism of 
formation and solid removal. In Figure 2.1, fouling curves for these four essentially 
different cases are shown and can be described as follows:
F ig u re  2.1 : T yp ica l fo u lin g  curves
L in e a r  ra te . The mass of the fouling layer, based on surface area, and thus also the 
fouling resistance increases with time or the growth rate of deposit is constant. This is 
the result of hard and adherent deposit where removal and ageing can be ignored. With 
respect to Equation (2.8) this means md = const, and mr = 0 or md -  mr = const.
F a ll in g  ra te . The fouling resistance increases with time, but with a progressively falling 
rate or the removal rate increases with time, which means that (md -  mr) decreases.
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A sym pto tic  ra te . After a period of time, the solid removed per unit time and surface area 
corresponds to the deposited solid. The mass of the fouling layer and thus the fouling 
resistance reaches a constant value or the growth rate of deposit approaches zero 
expressed by md - m r = 0 ,
S aw -tooth fo u l in g , where parts of the deposits are detached after a critical residence 
time or once a critical deposit thickness has been reached. The fouling layer then builds 
up and breaks off again. This behaviour is typical for weak deposits.
With respect to time-resistance profiles of fouling, there are different cases to be 
observed. The delay period shown in Figure 2.1 need not necessarily occur. 
Furthermore, it is possible that a fouling curve shows negative values at the beginning 
of deposition. This implies an improved heat transfer compared to that of the clean 
surface. For instance, this can be caused by increased roughness of the heat transfer 
wall.
Many factors affect fouling rates such as temperature, fluid velocity, concentration, 
surface material and its condition. The qualitative effect of some operating variables on 
various fouling mechanisms is shown in Table 2.2 for liquid-side fouling (Ullman's 
Encyclopaedia of Industrial Chemistry, 1998).
Variables Crystallisation Particulate Chemical reaction Corrosion Biological
Temperature u T i - Ti Ti T i -
Velocity i - i i T i - Ti
Supersaturation T
PH T Ti Ti Ti
Concentration T T
Surface roughness T T- T- T
Pressure - T T Ti
Oxygen - T T Ti
Table 2.2: Influence of operating variables on liquid-side fouling
Fundamentals of Fouling
In this table, when the value of a variable is increased, it increases (arrow going up), 
decreases (arrow going down), or has no effect (a dash) on the specific fouling 
mechanism listed. Blank cells indicate that no influence of these variables has been 
investigated and reported in the literature.
2.4 Fouling Models
Efforts have been made to model the fouling process in a way so that the effect of 
fouling can be taken into account in the design stage of heat exchangers. A number of 
models have been proposed for different types of fouling. Due to the difficulties 
involved in reproducible measurement of the fouling resistance and the complex nature 
of the deposit formation most of the models have been simplified with many 
assumptions, e.g. (Bansal, 1994):
o surface roughness and surface properties are neglected
* presence of impurities is neglected
. change in surface roughness with deposit formation is also neglected
* only one type of fouling is usually considered
. changes in physical properties of the fluid are neglected in most of the cases
* the fouling layer is assumed to be homogeneous
<. changes in flow velocity with changing cross-sectional area due to fouling are
neglected
. the shape of deposits e.g. crystals or particles is ignored
Therefore modelling is usually based on the knowledge of the influence of:
. flow velocity 
» solute concentration 
. wall and bulk temperature 
. time
In order to establish a reliable fouling model the major variables influencing the fouling 
behaviour must be identified. Previous investigations (Bansal, 1994), (Zettler, 1997), 
(Kho, 1998), have shown the following parameters to be the most important:
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Flow Velocity
The flow velocity is by far the most important parameter. In most cases, fouling 
decreases at higher fluid velocities, since increasing fluid shear stress leads to increased 
removal rates (Muller-Steinhagen & Middis, 1989). On the other hand, as velocity 
increases, the viscous sub-layer close to the heat transfer surface becomes thinner, 
hence reducing the resistance to diffusion from the bulk towards the heat transfer 
surface. For diffusion controlled fouling processes, this allows a relatively faster rate of 
deposition (Bott, 1990).
Concentration of the Foulant in the Bulk
A decrease of the foulant or of one of its precursors reduces the asymptotic fouling 
resistance and the initial fouling rate. Since many fouling processes are dependent on 
mass transfer and diffusion, the concentration of the foulant or its precursors in the bulk 
fluid affects the fouling rate. In general, the higher the concentration, the greater the 
likely fouling rate (Bott, 1990).
Wall Temperature
The heat transfer surface temperature and the bulk temperature may either increase or 
decrease fouling. With respect to the crystallisation of salts from aqueous solutions, the 
temperature effect depends on the solubility character of the salts (see chapter 3.1). The 
rates of chemical reactions are increasing with temperature. Another important factor is 
that the surface temperature may have an influence on the strength of the deposit layer, 
and therefore on the ease with which it can be removed. For scale formation of salts 
with inverse solubility the fouling process is increased with increasing temperature of 
the heat transfer wall.
The effect of these parameters on fouling is demonstrated in Figure 2.2 to 2.4. In each 
diagram one of these parameters is varied and plotted against a standard fouling curve, 
using the standard CaSCfy experiments as described in chapter 8.2 .
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Apart from these operation parameters, the mechanical and chemical properties of the 
heat transfer surface itself affect the fouling behaviour. The mechanical properties are 
the microscopic and macroscopic surface roughness. The influence of the properties of 
the heat transfer surface consists of material effects, roughness effects, and effects due 
to the physical chemistry of the surface. Since the investigation of these effects on the
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fouling behaviour is the purpose of this work, they are discussed in detail in Chapter 
5.5.8.
2.5E-05
-5.0E-06 -\--------------1--------------1---------------t-i----------,------------- T-------------- ,------------- ,-------------H
0 1000 2000 3000 4000 5000 6000 7000 8000
Time [min]
F igu re  2.4: E ffect o f  w a ll tem perature on the fo u lin g  resistance (Zettler, 1997)
Impurities may initiate or reduce fouling. Solid particles, like sand or clay particles 
suspended in cooling water, may reduce or remove deposits from heat transfer surfaces 
by acting as "scouring agents". In crystallisation fouling, the presence of small particles 
of impurities may initiate the deposition process by seeding.
In general the residence time of fluids in a heat exchanger is very short. However, 
depending on the type and the design, it may happen that in some regions of the heat 
exchanger the residence time of the fluid can be much longer. This may affect in 
particular chemical reaction fouling, since time is a very important parameter in the 
kinetics of chemical reactions.
Table 2.3 gives a short summary of fouling models for particulate and crystallisation 
fouling.
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Model Type of fouling Deposition rate 
(Proportional to)
Removal rate 
(Proportional to)
Nature of net 
deposition rate
Me Cabe- 
Robinson
Crystallisation
(evaporator)
amount of water 
evaporated
None Linear (if constant 
driving force)
Kern-Seaton Particulate • concentration 
difference 
. flow velocity
. fluid shear 
stress 
* deposit 
thickness
Asymptotic
Hasson Crystallisation concentration
difference
None Linear
Reitzer Crystallisation concentration
difference
None Linear
Watkinson-
Epstein
Particulate • mass flux 
. sticking 
probability
incorporate in 
deposition term
Asymptotic
Taborek et al. Crystallisation « concentration 
difference 
. water 
characteri­
sation factor
« deposit 
thickness 
. fluid shear 
stress 
. function of 
deposit 
structure
Asymptotic
Gonionsky et al. Crystallisation 
(steam heating)
concentration 
difference 
(saturation 
concentration 
replaced by 
average of 
saturation and core 
concentration)
none Linear
Watkinson-
Martinez
Crystallisation concentration
difference
. fluid shear 
stress 
. deposit 
thickness
Asymptotic
Bohnet-Krause Crystallisation concentration
difference
* fluid shear 
stress 
. inverse of 
deposit shear 
strength
Asymptotic
I Najibi Crystallisation o concentration 
• surface 
treatment 
. bubble 
formation
none Linear
Beal Particulate • Brownian and 
Eddy diffusity 
. concentration 
gradient
none
Table 2.3: Summary of fouling models
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The different lands of fouling processes illustrated in Figure 2.1 can be described by 
fouling models, which are essentially the fitting of mechanistic equations to the 
measured data. The simplest model is that of the curve for the linear fouling rate, which 
can be given by (Bott, 1995)
where tuMni represents the initiation period, and R f(t)  is the thermal fouling resistance at 
time t (for a relatively thin deposit), given by
As can be seen from Equation (2.2), R f  ( t)  is directly proportional to the thickness of
the deposit sf  ( t)  if the thermal conductivity of the deposit layer A/ is assumed to be
independent of t. The difficulty in using this model is that without experimental work 
dRf  /  d t is unknown.
A model, which gives a mathematical explanation of an asymptotic fouling rate, is the 
well-known Kem-Seaton model (1959):
In Equation (2.3), R f>00 is the asymptotic value of R f, and p  is a constant depending on 
the system properties. The model ignores the initiation time, and it does only little for 
the design of a heat exchanger unless specific values for R f0. and f t  are to hand, which 
will depend upon the nature of fouling and the operation conditions. Therefore, detailed 
experimental work is necessary to determine the values for R foo and (3.
B f  (? )  ~  ^  ' ( ?  *initial )
dRf
(2.1)'»
(2.2)
R f (t)  =  R f , „ - ( (2.3)
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Epstein (1981) presents a mathematical analysis for a falling fouling rate, where 
dRf  /  d t is proportional to q'n:
In Equation (2.4), q is the heat flux in [W/m2], which can be calculated from
Rc is the heat transfer resistance for clean conditions and equal to 1HJ, the overall heat 
transfer coefficient when no fouling has occurred (see Equation 4.4).
A combination of the two above Equations (2.4) and (2.5) leads to
assuming that the overall temperature difference AT  remains constant, as represented by 
the constant K. An integration over the time and the growing fouling resistance of 
Equation (2.6) gives an expression for a non asymptotic falling rate curve:
The values of K  and m  will depend on the mechanism responsible for the fouling.
The last land of fouling rate, the saw tooth fouling, is obtained if relatively large parts 
of fouling deposits are dislodged from the deposit layer. Therefore, a frequent increase 
and decrease in the value for the fouling resistance occurs whenever the deposit layer is 
reaching a critical thickness or a critical residence time.
(2.4)
dRf  _  K
(2.6)
dt (Rc + R f ) m ’
(Rc + R f  )(",+1> -  Kc<",+') = IC ■ (m -1 )  • t . (2.7)
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As can be seen in Figure 2.1, a time interval is shown where the thermal fouling 
resistance /fymay reach negative values. The reason for this behaviour is a change in the 
flow characteristics near to the heat transfer surface, caused by the initial growth of 
deposits. When the deposits penetrate the viscous sub-layer, the resulting increase in 
turbulence level leads to higher film heat transfer coefficients a  at the liquid-solid 
interface. This increase of the film heat transfer coefficient may overcome the thermal 
resistance Rf, caused by the deposits, and the net overall heat transfer coefficient due to 
fouling U f (see Equation 8.2) may be higher than the overall heat transfer coefficient for 
clean plates U  (see Equation 7.4). This process continues until the additional heat 
transfer resistance outbalances the advantage of increased turbulence (Bansal, 1994). 
The time period from the beginning of the fouling process until the fouling resistance 
becomes zero again is called roughness delay time, and as illustrated in Figure 2.3, 
includes the initiation phase (see chapter 5.5.8 for influence of surface roughness on 
initiation period). Figure 2.5 shows the roughness delay time as a function of the flow 
velocity for CaSCfy fouling in a PHE. As can be seen, the roughness delay time is 
reaching a maximum value, which indicates that an optimum flow velocity for a 
maximum roughness delay time has to exist. This optimum velocity is strongly 
depending on the respective fouling mechanism, on the type of heat exchanger and on 
the chosen operating conditions.
Figure 2.5: Roughness delay time as a function of the flow velocity (Bansal, 1994)
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Attempts have been made to develop generalised fouling models, based on the equation 
(Kern, Seaton, 1959)
dm—  = m -  m . (2.8)
d t d  r
In this mass balance around the deposit layer, m  is the deposition rate, and rh is the
d  r
removal rate. It has been recognised that the corresponding equations for the two mass
fluxes, m and m  , are depending on the fouling mechanisms. 
d  r
2.5 Costs of Fouling
The impact of fouling can be viewed in terms of its effect on both capital and 
operational expenditures (CAPEX & OPEX) and health, safety and the environment 
(HSE). Despite the enormous costs associated with fouling, only very limited research 
has been done on this subject. Reliable knowledge of fouling economics is important 
when evaluating the cost efficiency of various mitigation strategies. The total fouling- 
related cost can be broken down into four main areas (Bott, 1995):
• Capital costs due to the need of excess surface area (10 -  500 %, with an 
average around 35%), costs for stronger foundations, provisions for extra space, 
increased transport and installation costs. There are additional capital costs for 
antifouling equipment, such as the installation of on-line cleaning devices, 
treatment plants and cleaning-in-place equipment (Increased cap ita l 
expenditure).
• Extra fuel costs due to reduced heat transfer and increased pressure drop, which 
arise if fouling leads to extra fuel burning in furnaces or boilers or if more 
secondary energy such as electricity or process steam is needed (Increased  
opera tiona l costs).
9  Maintenance costs resulting from cleaning, chemical additives, or 
troubleshooting, caused by corrosion, plugging, and failure of uncleaned 
exchangers (M aintenance &  c leaning costs).
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•  Loss of production due to shutdown or reduced capacity. ( Cost o f  p roduction  
loss).
Increased Capital Expenditure
Costs of extra heat transfer area
The overdesign of the heat transfer area causes higher purchase costs of the heat 
exchanger. This is particularly significant when expensive materials are used like in 
many applications for PHEs. Pritchard (1988) estimates these costs at about £5 million 
in 1968 and £ 20 million in 1977. It was assumed that an excess area of 30-40% was 
commonly used in industry to counteract fouling. The fouling related costs for the 
United States were estimated to $320 million in 1982.
Installation and transport costs
Larger devices require higher expenses for transportation. Furthermore, extra 
installation space and stronger foundation increase the costs for installation. Garrett- 
Price (1985) estimated this cost component for the United States at about $640 -  960 
million per year.
Costs for antifoulant equipment
In different types of heat exchangers different cleaning methods can be applied. In shell 
and tube heat exchangers used in cooling water applications deposits can be removed 
efficiently by sponge balls or brushes. PHEs can be cleaned either by dissolving the 
deposits chemically with a cleaning fluid or the apparatus has to be opened and cleaned 
mechanically. If the process is not critical in terms of health or environment, the fluids 
can be treated with antifoulants. Thackery (1979) estimated the costs for this section at 
about £100 million in 1978. Garrett-Price (1985) calculated total costs up to $960 -  
1280 million in 1982 in the United States. This figure excludes the costs for chemical 
treatment and antifoulants.
Increased operating costs
As mentioned in the above chapter, fouling decreases the efficiency of heat exchangers. 
That means for a given heat duty more pumping energy and, in case that the process 
fluid has to be heated up, more fuel, electricity or steam is necessary .
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Thackery (1979) estimated the additional operational costs at around £100-200 million 
in Britain 1978. Garret-Price (1985) calculated the fouling related fuel costs of around 
$700-3500 million in the United States. It was assumed that 1-5% more total fuel was 
required. In New Zealand fouling related fuel costs were estimated at about $2-10 
million (Steinhagen, 1993).
Maintenance costs
Maintenance costs are the expenses for removing deposits, costs of treatment chemicals 
and costs of antifoulants. Pritchard (1988) and Thackery (1979) estimated that about 
50% of the maintenance costs attributed to boilers and heat exchangers are due to 
fouling. Annual maintenance costs in New Zealand were in 1988 about $39.5 million 
(Steinhagen, 1993). The majority of chemicals to reduce fouling are used in water 
treatment plants. Pritchard (1988) and Thackery (1979) estimated these costs around 
£100 million in 1984 in Britain.
Costs of production loss
This type of cost is very difficult to estimate since it depends strongly on the overall 
process of the plant where a heat exchanger is installed. Furthermore, plants usually are 
shut down according to a certain schedule for maintenance, which may include 
maintenance of heat exchangers. Therefore, loss of production cannot be charged 
exclusively to fouling in heat exchangers. Generally, the cost of loss of production 
should be evaluated against the operating efficiency of the plant at that time and the 
reduction in operating costs during shutdown (Bansal, 1994). It is evident that the upper 
limit for cost due to production loss is the cost for providing a stand-by heat exchanger 
(Garrett-Price, 1985). These are often considered the main costs of fouling and are very 
difficult to estimate.
Total fouling costs
Garrett-Price et al. (1985) found that total heat exchanger fouling costs for highly 
industrialised countries such as the USA and the UK are 0.25 % of the country’s gross 
national product (GNP). Steinhagen et al. (1982) found that the fouling costs for New
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Zealand are 0.15 % of the New Zealand GNP. Using these percentages, Muller- 
Steinhagen (1995) lists total fouling related costs for various countries based on 1992 
US$ as can be seen in Table 2.4.
Country
Fouling Costs 
($million)
1992 GNP 
($billion)
Fouling
Costs/GNP (% )
UK 2500 1 0 0 0 0.25
US 14,175 5670 0.25
New Zealand 64.5 43 0.15
Australia 463 309 0.15
Germany 4875 1950 0.25
Japan 1 0 , 0 0 0 4000 0.25
Total industrialised world 45,020 22,510 0 . 2 0
Table 2.4: To ta l annua l fo u lin g  cost
Another study by Crittenden et al. (1994) gives a brief overview of the financial 
penalties due to additional energy requirements, reduction or total loss of throughput, 
maintenance and cleaning for the single refinery. In a 13,500 tonne/day crude oil 
distillation unit, every 10°C reduction of oil temperature at the inlet of the furnace 
caused by fouling in the preheat exchangers, leads to a deficit of around 3 M W  of 
energy which must be made up in the furnace. At a cost of £0.01/kWh the extra energy 
cost would be £260,000/year.
2.6 Mitigation of Fouling & Removal Techniques
Owing to the enormous costs associated with fouling, a considerable number of fouling 
mitigation strategies has been developed.
pH control. To minimise scaling, a useful method is the reduction of pH-value of the 
solution. When the problem is calcium carbonate deposition, the pH of the feed can be 
reduced by adding sulphuric acid, sulphamic (NH2SO3H) or hydrochloric acid. In case 
of calcium sulphate deposition, pH has nearly no effect on fouling. However, a low pH- 
value promotes corrosion of heat exchanger materials.
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Reduction o f Foulant Concentration. Scaling species can be removed by ion exchange 
or by chemical treatments. For example, fouling in crude oil exchangers can be reduced 
by crude desalting to remove most of the solids and salts.
Use of Chemical Additives. Antifoulants are designed to prevent equipment surfaces 
from fouling, but they are not designed to clean up existing foulants. Therefore, an 
antifoulant should be started immediately after equipment is cleaned. Lists of additives 
to reduce crystallisation from hard water have been compiled by Spanhaak et al. (1978).
Selection and dosage of chemical additives is highly proprietary and a number of 
national and international companies specialise in this field. Excessive addition of 
treatment chemicals may have a negative impact on the environment.
Mechanical On-Line Mitigation Strategies. Several mechanical on-line fouling 
mitigation strategies have been developed for cooling water duties in power plants, 
chillers and for crude oil pre-heaters. The three most common are: the TAPROGGE 
sponge ball system where sponge balls are circulated through the heat exchanger; the 
MAN/WSA brush system where nylon or stainless steel brushes are pushed through the 
tubes and the flow direction is reversed periodically; and the SPIRELF and 
TURBOTAL systems where the vibration and rotation of spirals reduces the deposition 
on the heat transfer surfaces.
High Flow Rate and Low Surface Temperature. A well-established method of 
reducing fouling is to increase the wall shear stress by raising the flow velocity or by 
increasing the turbulence level. Temporarily increasing the flow velocity, reversing the 
flow direction or “air rumbling” are effective and inexpensive mitigation techniques, as 
long as the deposits are not too hard and adherent.
The rise in CaSCfy fouling as the heat transfer surface temperature goes up is caused by 
increased supersaturation and reaction rate. Reducing the wall temperature usually leads 
to lower heat fluxes, and therefore, larger heat exchangers to reach the required duty.
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Raising flow velocity not only leads to high wall shear stress, but also leads to high film 
coefficients, and hence to the desired lower surface temperatures.
S urface Coatings and  Treatm ents . The relationship between surface energy and foulant 
adhesion has been studied intensively. It has been shown that the poorest foulant 
adhesion occurs on materials that have low surface energies. Up to now, several low- 
energy coatings, for example, fluoropolymers and silicone polymers, have been 
developed. Although these surfaces do accumulate fouling, the attachment is more 
loosely adhered and quite easily detached. However, as the coatings themselves provide 
a significant additional resistance to heat transfer due to their low thermal conductivity, 
their use in heat exchangers is limited.
Novel techniques for preparing low fouling surfaces are Ion Implantation, Unbalanced 
Magnetron Sputtering, Mixed Sputtering and Plasma Arc Deposition. Any additional 
heat transfer resistance of such a coating is negligible because the thickness of the layer 
is less than 1 pm (Zettler et a l., 1999), (Zettler et a l ,  2001c).
Rough surfaces provide ideal nucleation sites for the growth of all types of deposits and 
therefore promote fouling. The use of electro-polished stainless steel evaporator tubes in 
pulp and paper, chemical and food processing industries, has allowed longer operation 
periods between cleaning. All these effects are explained in detail in chapter 5.5.8.
Cooling Water Fouling
3 Cooling Water Fouling
Cooling water fouling has been known to be one of the major fouling problems in 
industry. Most of the time cooling water fouling is a combination of crystallisation and 
the deposition of biological matter on heat transfer surfaces. Therefore the following 
chapter describes the two different mechanisms in more detail.
3.1 Crystallisation Fouling and Crystallisation of Salts
In evaporation and crystallisation processes, various salts will precipitate in a certain 
order, depending on operating temperature, pressure, pH, and ionic strength of the 
solution. Supersaturation is the driving force for crystallisation. It is caused by the 
difference in the chemical potential in the solution between the heat transfer wall and 
the bulk of the solution, and is a function of temperature. The solubility of most salts 
increases with increasing temperature. Scale deposits are formed from salts whose 
solubility decreases with increasing temperature. This effect is known as inverse 
solubility.
Crystallisation has been studied for many years and an immense body of information is 
available on both thermodynamics and kinetics of crystallisation. Due to the complexity 
of the fouling process, research in this area usually involves fouling by a single 
precipitant. An area to which not much attention has been paid to is the interactive 
effect of co-precipitating salts with or without common ions. These include solubility 
effects, rate data, crystal structure and strength, inhibitor effects and dynamic effects. 
Investigations of Chong et al. (1999) showed that co-precipitation even in a minute 
amount affects the thermodynamics, kinetics and scale structure. Solubility and reaction 
rate constants for the pure salt precipitation are not applicable to co-precipitation.
To investigate co-precipitation on heat transfer surfaces, calcium sulphate and calcium 
carbonate were chosen as solutes, because they are common industrial foulants. The 
inverse solubility of these salts in water causes crystallisation fouling. Supersaturation 
may be caused by addition of salts, changes in pH of the solution and changes to the 
equilibrium conditions of the solution.
Crystallisation is considered to be comprised of nucleation and crystal growth. 
Nucleation is the process of formation of tiny crystalline nuclei in the solution, while 
crystal growth is the ordered growth of these nuclei into larger well-formed crystals. 
Crystal growth can only occur after nuclei are formed. These two stages are described 
more precisely in the following chapters. First, it seems to be of advantage to briefly 
discuss the solubility equilibria of calcium sulphate and calcium carbonate.
3.1.1 Solubility Behaviour of CaS04
For all soluble salts, there is a relationship between salt solubility and temperature. In 
general, the solubility will increase with increasing temperature, as shown in figure 
3.1a. The behaviour of salts such as calcium sulphate is different. They dissolve with a 
release of heat, therefore the solubility decreases with increasing temperature. Hence the 
temperature coefficient of solubility is negative as shown in Figure 3.1b.
 ________________________________    Cooling Water Fouling
(a)
Temperature
(b)
Temperature
F igu re  3.1(a) and  (b ): Satu ra tion  concentra tion  versus tem perature f o r  a typ ica l sa lt 
(a) and f o r  an inverse sa lt (b ) (Bott, 1988)
The solubility of sparingly soluble electrolytes in water is often expressed in terms of 
the concentration solubility product Ksp. However, the simple solubility product 
principle has extremely limited use. It should therefore, be restricted to solutions of very 
sparingly soluble salts (<10‘ 3 mol/1). For higher concentrated solutions, it is necessary to 
adopt a more fundamental approach involving the use of activity concepts. The activity 
solubility product Ka is defined as
K„ =  (a+) x(a_)y (3.1)
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where a+ and a. are the ionic activities, respectively. As the activity of an ion may be 
expressed in terms of the ionic concentration, c, and the ionic activity coefficient, y,
Equation (3.1) may be written as
K a = (c+y+)x(c_y_)y (3.2)
and
K a = K sp(y±)v (3.3)
where y± is the mean activity coefficient and v = x + y is the number of moles of ions 
produced by one mole electrolyte. The mean activity coefficient can be calculated from 
the Debye-Huclcel limiting law
l°gY± = -|ztz_|AI0'5 (3.4)
In this expression A is the temperature dependent Debye-Huckel constant, which is
0.509 for an aqueous solution at 25 °C, and I is the ionic strength in mol/1, which is 
defined by
I = (3.5)
where, Ci is the concentration in mol/1 of the ith ionic species and z\ the valency of the 
cation and the anion, respectively.
If the concentration of a salt present in a mixed salt solution is higher than its activity 
solubility product, the solution is supersaturated with respect to this salt. Precipitation 
does not happen immediately at the point of saturation. A certain critical supersaturation 
is necessary to provide the free energy for the formation of nuclei.
The addition of an electrolyte to a saturated solution of a sparingly soluble salt with a 
common ion depresses the solubility of the latter (common ion effect) and leads to its 
precipitation. On the other hand, the presence in solution of an ion not in common with 
any of those of the solute can increase the solubility on account of the increase in ionic 
strength.
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Calcium sulphate crystallises from an aqueous solution in three distinct lattice 
structures, namely calcium sulphate dihydrate (gypsum) CaSO^HhO, calcium sulphate 
hemihydrate CaSOfy/rf-l^O and calcium sulphate anhydrite CaS04. The anhydrite lattice 
has the closest packing, highest density and most stable arrangement of any calcium 
sulphates.
Temperature [°C]
F igu re  3.2: S o lub ility  curve o f  ca lc ium  sulphate in  w a te r
In Figure 3.2, the solubility of all three structures in water is shown as a function of 
operating temperature (Landolt and Bomstein, 1980); (Linke, 1958). At temperatures 
higher than 40 °C, the solubility of all three forms decreases with increasing 
temperature.
Most of deposited calcium sulphate found in this investigation, as well as in previous 
investigations (Helalizadeh, 1999), (Kho et a l ,  1997), (Bansal, 1996), is in the form of 
hemihydrate, the solubility of which has been studied in detail by Marshal and Slusher 
(1960). Najibi et al. (1997), developed the following correlation for the prediction of the 
saturation concentration of calcium sulphate hemihydrate as a function of ionic strength 
of the solution and surface temperature by non-linear regression analysis of published 
data.
c* =136(l0a+bz) (3.6)
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where c* is the saturation concentration in g/1 and the parameters a and b are defined as 
follows
a = 2 .0 4 7 -0 .0 1 136T (3.7)
b = -6.5832 + 0.0226T (3.8)
and the parameter z
vTz = — (3 .9 )
1 + 1.5VI
T is the absolute temperature in K, and I is the ionic strength expressed in mol/1.
The solubility of calcium sulphate is not significantly affected by the pH value of the 
solution. Once the solution becomes supersaturated, it tends to precipitate at various 
values of pH.
3.1.2 Aqueous Calcium Sulphate Solution
Figure 3.3 shows the solubility behaviour of the salt investigated in this study. As can 
be seen, calcium sulphate occurs in three different modifications, namely gypsum or 
calcium sulphate dihydrate (CaS0 4  • 2 H2O), calcium sulphate hemihydrate (CaSC>4 * V2 
H2O), and calcium sulphate anhydrate (CaS0 4 ) (Gmelin, 1962; Partridge, White, 1929; 
Linke, 1958; Landolt-Bomstein, 1980).
The full lines represent the curves for stable equilibrium, and the curves for metastable 
equilibrium are given by the dotted lines. The expression CaSC>4 II gives the natural 
anhydrate, and CaS04 III means the soluble anhydrate. Metastable equilibrium means 
that for example dihydrate proceeds to the anhydrate at relatively low temperatures, 
whereas it changes into the hemihydrate at higher temperatures, if the change into the 
anhydrate has not occurred. For the hemihydrate, a stable equilibrium is not shown at 
all. All calcium sulphate modifications in Figure 3.3 are showing an inverted solubility 
behaviour, except the dihydrate, which shows an increase in solubility with increasing 
temperature from 0 °C up to 40 °C.
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The experiments were carried out under those operational conditions where the solution 
was unsaturated with respect to the hemihydrate, but supersaturated with respect to 
dihydrate and the anhydrate. According to Figure 3.3, both the dihydrate and the 
hemihydrate were able to crystallise, but in fact the crystallisation of the anhydrate is a 
very slow process and was assumed to be negligible (Lammers, 1973; Hasson, Zaghavi, 
1970).
Figure 3.3: Solubility curves of Calcium Sulphate Modifications (Gmelin, 1962)
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3.1.3 Nucleation
The condition of supersaturation alone is not sufficient cause for a system to begin to 
crystallise. Before crystals can develop, there must exist a number of minute nuclei at 
the heat transfer surface that act as centres of crystallisation. Representative for the 
formation of nuclei and the integration of ions into the crystal lattice is the free energy 
(Gibbs energy), which tends to a minimum value:
G = H -T S  (3.10)
If the free energy of a nucleus is less than the free energy of the bulk solution this 
nucleus will, due to its energetic state, be stable and will induce crystallisation. This 
does not happen immediately at the point of saturation. A certain critical supersaturation 
is necessary to provide the free energy for the formation of nuclei. In solubility curves, 
the zone between the stable (undersaturated) and the unstable (supersaturated) zone is 
the so-called metastable zone.
Nucleation may occur spontaneously or it may be induced artificially. For all cases of 
nucleation in systems that do not contain crystalline matter, nucleation is referred to as 
p rim a ry  nucleation. On the other hand, nuclei are often generated in the vicinity of 
crystals present in a supersaturated system. This behaviour is referred to as secondary  
nucleation. Furthermore, primary nucleation could be subdivided into homogeneous 
(spontaneous) and heterogeneous (induced by foreign particles or phases) p rim a ry  
nucleation.
As the presence of the heat transfer surface can induce nucleation at degrees of 
supersaturation lower than those required for spontaneous nucleation, the overall free 
energy change associated with the formation of a critical nucleus under heterogeneous 
conditions AG'rit, must be less than the corresponding free energy change, AGcrit, 
associated with homogeneous nucleation, i.e.
AGcrit = ^AGcrit (3.11)
where the factor (j) is less than unity.
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F igu re  3.4: In te rfa c ia l energies a t the boundaries between the heat trans fe r surface,
crys ta l deposit and  the so lu tion
It has been indicated that the interfacial energy y is one of the important factors 
controlling the nucleation process (Mullin, 1993). Figure 3.4 shows an interfacial 
energy diagram for the three phases in contact. The three interfacial energies are 
denoted by yci (between the solid crystalline phase c and the liquid 1). ysi (between the 
heat transfer surface s and the liquid) and ycs (between the solid crystalline phase and the 
heat transfer surface). Resolving these forces in a horizontal direction
Ys. =Ycs+YciC 0 s 6  (3 .1 2 )
or
cost) = ~ Y " (3.13)
Yd
The angle 0, the angle of contact between the crystalline deposit and the foreign surface, 
in our case the heat transfer surface, corresponds to the angle of wetting in liquid-solid 
systems. The factor (j) in Equation (3.11) can be expressed (Volmer, 1939) as
^ (2 + c o s e X i - c o s e )2
4
Thus, when 0 = 180°, cos0 = -1  and 0 = 1, Equation (3.11) becomes
AG'crit= A G crit (3.15)
When 0 lies between 0 and 180°, cj) < 1; therefore
AG'crit < AGcrl, (3.16)
When 0 = 0 ° , co s0 = 1 and (j) = 0 , Equation (3.11) becomes
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A G ;, = 0  (3.17)
The three cases represented by the Equations (3.15) -  (3.17) can be interpreted as 
follows: For the case of complete non-affinity between the crystalline solid and the heat 
transfer surface (corresponding to that of complete non-wetting in liquid-solid systems), 
0 = 180°, and Equation (3.12) predicts that the overall free energy of nucleation is the 
same as required for homogeneous or spontaneous nucleation. For the case of partial 
affinity (corresponding to the partial wetting of a solid with a liquid), 0  < 0  < 180°, and 
Equation (3.12) indicates that nucleation is easier to achieve because the overall excess 
free energy required is less than that for homogeneous nucleation. For the case of 
complete affinity (complete wetting) 0  = 0 ° ,  and the free energy of nucleation of zero. 
This case corresponds to the seeding of a supersaturated solution with crystals of the 
required crystalline product.
In the present work, the effectiveness of low-energy heat transfer surfaces is 
investigated. All low-energy surfaces were created by treatments such as ion- 
implantation, sputtering or coating. The characteristic feature of these treatments is that 
they possess lower surface energies, and thus, they have higher contact angles than 
untreated stainless steel heat transfer surfaces. A  higher contact angle means also that 
the factor (j), and hence the change in free energy AG'rit in Equation (3.12), which is
necessary for the formation of a critical nucleus under heterogeneous conditions is 
higher.
Hence, it is supposed that the surface treatments have an adverse effect on 
heterogeneous primary nucleation. In contrast with untreated surfaces, this would result 
in less fouling or at least an increased delay period. After an initial period, nucleation 
will only be induced by heterogeneous secondary nucleation (Krause, 1986). In that 
case, the surface treatment has no effect on the nucleation anymore.
3.1.4 Crystal Growth
As soon as stable nuclei have been formed on the heat transfer surface, they begin to 
grow into crystals of visible size. In the literature it is suggested that two steps are 
responsible for mass deposition, a diffusion process whereby solute ions are transported
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from the bulk of the fluid phase to the solid surface, followed by a nth-order reaction 
when the solute ions arrange themselves into the crystal lattice. These two stages, 
occurring under the influence of different concentration driving forces, can be 
represented by the equations
^ l = P(cb - cf ) (3.18)
and
^ 0  = kR(cP-c * )n (3.19)
dt
where (3 is the mass transfer coefficient, Cb the bulk concentration, Cp the solute 
concentration in the solution at the fouling layer, c* the saturation concentration at wall 
temperature and Icr the rate constant of reaction, which may be expressed in the 
Arrhenius form as
lcR = A ,e“E' /RT (3.20)
where At is a constant, R the universal gas constant, Ea the activation energy and T the 
absolute temperature.
In Equation (3.19), n denotes the order of reaction. In the majority of industrial 
important cases, its value lies between 1 and 2 , e.g. for calcium sulphate deposition, n 
was found to be equal to 2. Since it is very difficult to determine the surface 
concentration of the fouling layer, it is therefore usually eliminated by considering an 
"overall" concentration driving force, cB - c * . A schematic representation of these two 
stages is shown in Figure 3.5, where the various driving forces can be seen.
The concentration difference cF -c *  is the driving force for the insertion of ions into 
the crystal lattice. When ions arrive at the crystal face they are not immediately 
integrated into the lattice, but merely lose one degree of freedom and are free to migrate 
over the crystal face (surface diffusion). Therefore, there will be a loosely adsorbed 
layer of integrating units at the interface, and a dynamic equilibrium is established 
between this layer and the bulk solution. The adsorption layer plays an important role in
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crystal growth and secondary nucleation. The thickness of the adsorption layer probably 
does not exceed 1 0  nm, and may even be near lnm.
Ions will link into the lattice in positions where the attractive forces are greatest, i.e. at 
the "active centres", and under ideal conditions this step-wise build-up will continue 
until whole plane faces are completed. Before a crystal face can continue to grow, i.e. 
before a further layer can commence, a "centre of crystallisation" must come to 
existence on a plane surface. Figure 3.6 shows an Electron Scanning Microscopy 
photograph of crystal deposit, grown on a DLC sputtered heat transfer surface. The 
shown deposit was precipitated from a solution with a high CaSC>4 concentration, and 
hence the deposit shows the typical needle shaped crystals of hemihydrate calcium 
sulphate.
It should be mentioned that the Equations (3.18) - (3.20) have to be drawn up for each 
ion species. In the case of mixed salt crystallisation fouling, this makes the 
mathematical modelling very difficult, since the mass transfer processes interact and 
there is hardly any literature of mass transfer coefficients for this case available.
Distance from wall
F igu re  3.5: D r iv in g  fo rces  in  c rys ta llisa tion  fo u lin g
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F igu re  3.6: C rysta l deposit on D L C  sputtered surface
3.2 Biological Fouling
The accumulation of living matter, i.e. deposition and growth, on heat exchanger 
surfaces, may be divided into two groups depending on the size of the organism (Bott, 
1995):
• Micro-organisms including bacteria, algae and fungi.
• Macro-organisms including mussels, barnacles, hydroids and serpulid worms and 
vegetation such as seaweed.
The problem of fouling from living matter is usually, but not exclusively, associated 
with aqueous systems where the temperature is not too different from that in the natural 
environment. Cooling water systems for instance, particularly ‘once through’ or open 
recirculating systems, are prone to this form of fouling since the temperature is usually 
near to the optimum for biological activity and in general nutrients are present in water. 
It is reported that the presence of biological material on heat exchanger surfaces may 
promote other fouling mechanisms, like scale formation, particulate fouling and 
corrosion. In general, this is associated with metabolic activity involving chemical 
reactions and changed conditions, particularly pH beneath the biological matter. Micro­
organisms produce extracellular material which may be sticky and hence facilitates the 
adhesion of particulate material. The appearance of the foulant can be very varied 
depending on the organism involved and the conditions under which growth is taking 
place. It is possible therefore to have long filaments of bacteria or algae, slime layers or 
extremely rough surfaces from the presence of crustaceans (Characklis and Wilderer,
1989).
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Novak (1979) found a significant effect of the flow rate on Rhine water fouling in a 
PHE (see Figure 3.7). The fouling rate decreases almost linearly with increasing shear 
stress and approaches zero value at a shear stress of probably 150-200 Pa . Contrary to 
the velocity, there was a complex effect of temperature (Figure 3.8) on the fouling rate 
within the investigated range of 10-45°C. It was therefore concluded that the Rhine 
water fouling up to a temperature of almost 45°C can be prevented at flow rates above 
550 1/h per plate channel. However in a later study, Novak (1981) found a dependence 
of the fouling rate on the temperature, where the fouling rate of Rhine water reached a 
maximum at a temperature of approximately 30°C.
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SHEAR STRESS , P a
F igu re  3.7: Dependence o f  Rhine w a te r fo u lin g  on shear stress [N o va k  (1979 )]
Within BASF, heat exchanger fouling is a well-known problem, and for some heat 
exchangers, the transfer capacity drops by up to 75% within the first 6  weeks after a 
plant was started. This can be seen in Figure 3.9; after 6  weeks of operation the fouling 
resistance reached an asymptotic value. Due to chlorine injection, the capacity went 
back to 75% of its initial value for another 2 weeks.
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Chlorine injection, which is the usual method of cooling water treatment against 
biofouling, may be either intermittent (shock dosing), or continuous, or a combination 
of both, dependent upon the type of biofouling which can be expected (Fuller, 1979). 
The selection of chlorine as a control medium causes no problems when titanium is 
used as a material of construction but could cause considerable trouble with many other 
construction materials.
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F ig u re  3.8: Dependence o f  Rhine w a te r fo u lin g  on tem perature [N ovak  (1979 )]
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3.2.1 River Water from the River Rhine in Germany
The river Rhine is approximately 1000 km long and its water passes many times 
through industrial coolers causing more or less heavy fouling of those units. The 
composition of Rhine water has changed considerably during the past 1 0 - 1 5  years due 
to environmental measures. The fouling deposit occurring by Rhine water usually 
consists mainly of microbiological slime with some quantity of particulate matter such 
as sand, ash and oxides of such elements as iron and manganese. There are no reports of 
crystallisation fouling in heat exchangers where Rhine water is used. The 
microbiological slime serves as a binder of particulate matters, increasing the fouling 
rate many times and causing fouling in units otherwise running without any fouling. 
The test apparatus was installed within a cooling water plant and was operated with 
filtered Rhine water, as are most heat exchangers at BASF AG in Ludwigshafen/Rh in 
Germany. Rhine water is only filtered by means of sand bed filters and pumped to 
several hundred production plants at the BASF site in Ludwigshafen. There is no 
chemical treatment of the Rhine water, and hence biofouling as well as particle fouling 
is observed in many heat exchangers. Within BASF AG 91% of all River water users 
have fouling problems in their heat exchanger equipment. The chemical composition of 
the Rhine water at the test site in 1999 is shown in Table 3.1. The average Rhine water 
temperature in 1999 is illustrated in Figure 3.10.
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Month of 1999
Figure 3.10: Rhine water temperature during 1999
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Temp [°C] 9.7 9.6 13.9 15.1 17.4 20.3 24.0 23.6 23.9 14.7 9.9 7.7
pH 7.7 7.7 7.8 7.8 7.6 7.7 7.8 7.7 7.6 7.7 7.8 7.6
Conductivity [pm/cm] 620 555 480 480 430 420 390 340 540 590 660 600
Susp. Matt. tot. 2 16 5 4 120 20 11 5 6 6 7 7
Total hardness as 
(Ca+Mg)
1.74 1.60 1.70 1.72 1.56 1.51 1.58 1.44 1.64 1.69 1.74 1.74
Calcium [mg/1] 57 52 56 57 52 50 52 47 53 55 57 57
Magnesium [mg/1] 7.8 7.1 7.3 7.3 6.4 6.4 6.8 6.4 7.6 7.6 7.7 7.8
Sodium [mg/1] 53 45.5 29 29 23 21 15 10 45 47 48 46
Potassium [mg/1] 7.6 4.5 3.3 2.8 3.0 2.5 2.1 2.0 3.7 3.5 3.6 3.6
Ammonia [mg/1] 0.1 0.07 0.12 0.09 0.10 0.08 0.07 <0.05 <0.05 <0.05 <0.05 0.10
Iron [mg/1] 0.17 0.34 0.55 0.13 0.44 0.47 0.28 0.16 0.16 0.16 0.15 0.18
Manganese [mg/1] 0.03 0.013 0.01 <0.01 0.06 0.02 <0.01 <0.01 0.01 0.01 0.01 <0.01
Hydrocarbonate [mg/1] 168 157 165 162 160 153 157 145 151 163 177 179
Chloride [mg/1] 80 71 45 44 35 32 22 14 67 70 76 72
Fluoride [mg/1] 0.10 0.09 0.08 0.25 0.19 0.09 0.08 0.08 0.08 0.09 0.09 0.09
Nitrate [mg/1] 9.7 7.9 8.5 7.8 6.8 5.7 5.7 5.7 5.7 5.9 6.0 8.2
Phosphate [mg/1] <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 0.2 <0.2
Silica [mg/1] 5.1 3.75 4.6 3.5 3.3 3.5 3.0 2.6 2.1 3.2 4.3 4.3
Oxygen [mg/1] 9.4 9.2 9.9 10 8.2 7.9 7.6 7.6 6.2 9.2 10.5 12
Sulphate [mg/1] 36 34 31 28 28 27 27 26 34 33 34 35
COD 2.0 2.1 1.9 1.9 2.0 1.8 1.7 1.6 1.7 1.6 1.7 1.7
Table 3.1: Chemical analysis of Rhine river water during the 1999
Wax Deposition in Oil & Gas Industry
4 Wax Deposition in Oii & Gas Industry
4.1 Wax and Paraffin Deposition in Pipelines
When oil is drilled from wells in deep-water environments, it undergoes rapid 
temperature reductions due to heat transfer to the surrounding cold water. The deeper 
the water the lower is its temperature, e.g. typical sea floor temperatures in 2 0 0 0 m water 
depths are usually about 5°C. When the oil temperature near the pipe wall falls below a 
certain temperature, paraffin deposits on the surface of the pipe. The effect of these 
deposits is an increase in the pressure drop and reduction in the throughput, sometimes 
resulting in total blockage. For these reasons periodic removal of the deposits is 
necessary.
It has been shown that the cost of remediation increases over-proportionally with the 
water depth, e.g. when the depth is 1 0 0 m the costs are in the order of 2 0 0 ,0 0 0 $, but 
when the depth is 400m the costs are in the order of 1,000,000$. Today production 
horizons reach water depths greater than 500m, so there is a considerable interest to 
discover new technologies for preventing and controlling the deposition of paraffin 
(Creek et a l., 1999).
4.2 Mechanisms of Wax Deposition
Petroleum crude consists of a mixture of various families of hydrocarbons. Also present 
in the oil are compounds of higher molecular weights like resins, asphaltenes and 
paraffin wax. The nature and amount of heavy organic deposition in crude oils depends 
on the hydrocarbons present in the oil and the relative amounts of each family of heavy 
organics. Four different mechanisms are supposed to be responsible for such 
depositions. One or more of them should describe deposition occurring during oil 
production, transport or processing (Mansoori, 1996).
Polyd ispers ity  E ffe c t
The chemical composition of petroleum is responsible for the dispersion of heavy 
organics in oil. The stability of this polydisperse oil mixture is mainly maintained by the 
ratio of polar/non-polar and light/heavy molecules and particles in petroleum. Therefore
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deposition is supposed to be due to a disturbance in the polydisperse balance of oil 
composition. The following picture shows such a composition.
Legend
___ a n d /r \ y p a ra ffin ic  molecules
a rom atic  molecules
• resin molecules
asphaltene molecules
F igu re  4.1 : M icroscop ic  level com position o f  a petro leum  crude con ta in ing  heavy 
organics. (M ansoo ri, 1996)
Changes in temperature, pressure or composition destabilise the oil mixture. Then the 
heavy and/or polar fractions could separate from the oil, start to flocculate and produce 
irreversible organic deposits (Figure 4.2).
F igu re  4.2: F loccu la tion  and p re c ip ita tio n  o f  the heavy components o f  a petro leum
crude due to the in troduction  o f  a m iscib le  solvent (depicted by dashed lines) 
(M ansoori, 1996)
Colloidal Effect
Some heavy organics (especially asphaltenes) separate into aggregates and are kept 
suspended by “peptising agents”, e.g. resins, which adsorb on their surface.
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Stability of such steric colloids (Figure 4.3) depends on the concentration of the 
peptising agent in the solution, the fraction of heavy organic particle surface sites 
occupied by the peptising agent, and the equilibrium conditions between the peptising 
agent in solution and on the surface of the heavy organic particles.
Figure 4.3: Steric colloidal phenomena (Mansoori, 1996)
Aggregation Effect
The amount of peptising agent adsorbed on the surface of an aggregate depends on its 
concentration in oil. When the concentration falls under a certain level the adsorbed 
amount is not enough to cover the whole surface of a heavy organic particle allowing 
the particles to come together, grow and flocculate. The following picture shows the 
migration of peptising molecules (shown by black arrows) from the surface of heavy 
organic particles. This causes the potential for aggregation (white arrows) of heavy 
organic particles and their eventual flocculation (Figure 4.5).
Figure 4.4: Migration of peptising molecules (Mansoori, 1996)
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F igu re  4.5: F loccu la tion  and deposition (a rro w ) o f  heavy o rgan ic  pa rtic les
(M ansoori, 1996)
Electrokinetic Effect
When the oil is flowing in a pipe an electrical potential difference along the length of 
the pipe, due to the motion of charged particles, develops. The potential difference can 
cause a change in the charged particles further down the pipe, which results in 
deposition of the particles and plugging of the pipe (Figure 4.6).
F igu re  4.6: E lec trok ine tic  deposition in  a p ipe line  [M a n so o ri (1996 )]
Most organic deposition problems (except asphaltene) are reversible so that a change in 
pressure, temperature or composition in the crude oil could re-dissolve the deposits back 
into the solution.
4.3 Paraffin Deposition
Paraffin deposition is usually the result of a fall in temperature of the crude oil below its 
“pour point" while asphaltene and resin deposition is due to a variety of causes, as 
mentioned above. Paraffin may also precipitate as a result of the loss of volatile light 
ends, which act as naturally occurring solvents (Holder and Winkler, 1965).
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Two temperatures are of great importance in paraffin deposition (Bott and 
Gudmundsson, (1970):
a) the ‘cloud point’ , at which wax crystals appear in solution (also called W AT -  wax 
appearance temperature).
b) the ‘pour point’ , at which movement is arrested for a specific time.
These temperatures are gained by standard empirical tests and are related to the 
solubility of wax in oil.
4.3.1 Properties of Waxy Hydrocarbons
When a waxy oil is cooled, the wax will gradually crystallise. The wax crystals are 
usually present in the form of thin plates or needles, which, when enough wax has 
crystallised, can form a three-dimensional network throughout the oil, thus causing 
solidification (Vos and Van Den Haak, 1980).
During the Wax Attack Programme (1999) an analysis of deposits formed on cooled 
surfaces (pipe walls and laboratory cells) was conducted. It indicated that the depositing 
species consisted of both normal and cyclo-alkanes, but predominately n-alkanes. Other 
components like asphaltenes and resins, crude oil, water and mechanical impurities 
(Misra et a l., 1995) although accounting for up to 50%wt of the deposit can be 
attributed to oil entrapment. Usually, linear hydrocarbons with more than 16 carbon 
atoms are called “waxes” . N-paraffins, main constituents of macrocrystalline waxes, 
give rise to clearly defined needle-shaped crystals, while branched-chain, naphthenic 
and long chain aromatic paraffins, make up the major fraction of microcrystalline 
waxes. Macrocrystalline waxes lead to paraffin problems in production and transport 
operations. Microcrystalline waxes contribute the most to tank bottom sludges (Garcia 
et a l., 1998).
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While evaluating wax problem potentials of a given crude, the following points must be 
considered (Misra et a l ,  1995):
1. The concentration of n-paraffins;
2 . their carbon number distribution;
3. the concentration of branched paraffins, naphthenes and aromatics;
4. the concentration of resins and asphaltenes;
5. the climate of the area or the temperature regimes.
The first, second and fifth factor would help to predict the paraffin (microcrystalline) 
wax deposition potential and will be discussed in Chapter 4.3.3.2.
4.3.2 Mechanism of Paraffin Deposition in  a Pipeline
A qualitative model of wax deposition onto a cold surface was proposed by Bott and 
Gudmundsson (1977). If a hydrocarbon containing wax molecules is cooled, wax 
crystals will appear when the temperature falls to the “cloud point”. If this temperature 
coincides with the liquid-solid surface, a deposit will form on the surface. On the other 
hand, if the temperature distiibution is such that the cloud point is in the liquid, crystals, 
or more likely, crystallites will form and represent “particles” that can move under the 
influence of the fluid flow either toward the surface or out into the bulk fluid. If these 
small crystals are transported to the hotter regions, they are likely to redissolve. Should 
the transport be towards the surface, there could be agglomeration and retention on the 
surface. The precise location of the cloud point temperature will depend on temperature 
distribution, which changes as the deposit develops. The cloud point may be initially at 
the heat transfer surface and finally at the liquid-wax interface. Under the latter 
condition, the deposit thickness will be approximately constant.
A slightly different model is given by Creek et a l  (1999). They assume that deposition 
occurs when a radial temperature gradient [3T/ d r ]  is established between the oil and 
the pipe wall, and when the oil temperature is below the wax appearance temperature 
and below the solution temperature of the oil. This temperature difference produces a 
concentration gradient through differential solubility of wax components in the oil. This 
gradient leads to an imbalance in the chemical potential but can also lead to a thermal 
diffusion driving force and results in a mass flow according to Fick’s law:
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M, = A • Dt • (d c jd r ) = A • D( • [(3c( /3 T  /^ r )] (4.1)
M, : mass flux of diffusing species in a given volume
A : surface area
D i : diffusion coefficient
Ci : concentration of species i
r : radius
Pipeline 
Direction of
TTIrkw
AT = Tou - Twaii
Figure 4.7: Pipeline deposition scenario (Creek et al., 1999)
The flux coefficient is probably a combination of mass and thermal diffusion and is 
usually ‘fitted’ to experimental data. For turbulent flow deposition occurs in the viscous 
sublayer and for laminar flow in the low velocity ‘boundary’ .
4.3.3 Influencing Parameters
For development of mitigation strategies it is vital to understand the correlations 
between wax deposition and the parameters that affect the fouling behaviour. Bott 
(1990) summarised them as follows:
• Flow velocity
• Surface and bulk temperature
• Concentration of foulant or its precursors in the crude
• Presence of impurities
• Surface properties
The following chapters give an overview of parameters that influence wax deposition.
t
r
1
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4.3.3.1 Time
Hunt (1962) as well as Patton and Casad (1970) found that paraffin deposition increased 
asymptotically with time. Brill (1998) explained the asymptotic fouling behaviour of 
wax by an insulation effect of the deposit. As wax is being deposited along the pipe 
wall, the thickness of the wax layer increases, and this layer reduces the effective 
temperature differential. As a result, less wax precipitates and is available for further 
deposition. In Figure 4.8, a typical asymptotic fouling curve by Brill [1998] can be seen. 
The fluctuations in the curve are caused by removal mechanisms when wax clusters are 
swept away by the bulk fluid.
Agrawal et al., (1990) and Khan et al., (1997) found that deposition increases with time 
finally reaching an asymptotic equilibrium value, irrespective of the test conditions or 
the wax concentration in the wax-oil blend. Equilibrium deposition is obtained earlier at 
higher wax concentrations (Figure 4.9) and lower flow rates (Figure 4.10).
Time, hrs
Figure 4.8: Asymptotic fouling curve (Brill, 1998)
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TIME, MINUTES
F igu re  4.9 : E ffect o f  tim e on wax deposition (va ry ing  concentrations) (K han  et al. 1997)
Flow rate Oil temp. Cold surface
(1 h "1) (°C ) temp. ( °C )
X 193 SO 25.5
A  120 50 25.0
m so 50 25.0
O  60 35 25.0
,.JL I .A __ - J  I ........I t
1 2 3 4 5 6
Time (a fter attaining cold
surface temperature ) (h )
F ig u re  4.10: E ffect o f  time on wax deposition (va ry ing  f lo w  rates) (A g ra w a l et al., 
1990)
-51 -
4.3.S.2 Flow Rate
The rate of paraffin deposition, the amount of deposit, its composition and distribution 
around the pipe perimeter depend strongly on flow regime and flow rate. It is well 
known that the flow velocity has a profound effect on fouling in the majority of fouling 
problems. As velocity increases, the viscous sub-layer close to the wall becomes thinner 
and thereby enhances diffusion and transfer generally from the bulk towards the wall. 
For diffusion controlled fouling processes, this allows a relatively faster rate of 
deposition (Bott, 1990).
lessen and Howell (1958) studied the effect of flow velocity on paraffin wax deposition 
in steel and in plastic coated steel pipes. Their main conclusion was that in laminar 
flow, the estimated deposition increased with flow rate, reaching a maximum prior to 
transition to turbulent flow and then decreasing with increasing turbulence. A plot of 
deposited wax versus flow rate from experiments by Agrawal et a l. [1990] clearly 
confirms this behaviour (Figure 4.11).
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F igu re  4 .11: Wax deposition  vs. f lo w  rate a t d iffe ren t bu lk  tem peratures (A g ra w a l et ah,
1990)
Oil temperature
1 32°C
2 34°C
3 36°C
4 38°C
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7 44°C
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According to Bott (1997), an increase in velocity induces opposing effects. It enhances 
mass transfer coefficients resulting from increased turbulence, which promote rates of 
deposition. At the same time, the increased interfacial shear acts to reduce the 
probability of adhesion of the material. Thus, an increase in velocity may either increase 
the fouling rate if the mass transfer effect dominates or decrease the deposition rate if 
interfacial shear has the greater effect. The final fouling rate is a balance between these 
two opposing effects of velocity.
An additional explanation is given by Misra et a l  (1995). According to them low flow 
rates affect wax depositions mainly because of the longer residence time of the oil in the 
tubing. This increased residence time permits more heat loss and leads to a lower oil 
temperature, which in turn leads to wax precipitation and deposition. The minimum 
flow rate to avoid deposition has been proposed to be 0.2 m/sec. The intensity of 
paraffinisation was described as T = F + B f(q), where B is a constant, q is the flow rate, 
and F is a ratio that is dependent on the coefficient of diffusion and concentration of 
paraffin in solution (Misra et al., 1995).
The fouling resistance, R f , is defined as the additional resistance to heat transfer
caused by the wax layer (refer to Chapter 2.4). Assuming a constant thermal 
conductivity of the layer, Rf  is proportional to the thickness of the wax layer. As
previously discussed, wax deposition in pipelines shows an asymptotic behaviour with 
an asymptotic value for the wax deposit and hence an asymptotic fouling resistance, 
R*f  . Ghedamu et a l. (1995) investigated wax deposition in turbulent flow. Their results
can be seen in Figure 4.12, where R*f  is plotted versus the Reynolds number, R e . The
decrease in R*f  with increasing Re was explained as an effect of the rise of the wall
temperature, due to the increase of convective heat transfer. Thus, less wax precipitates 
and adheres to the pipe wall.
Flow rate not only has an effect on the amount of wax deposited, but also has an 
influence on the consistency of the deposit. Creek et al. [1999] found that laminar flow 
deposits are extremely soft and contain 80-90% oil by weight. On the other hand,
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deposits in turbulent flow are strong compared to the very soft laminar flow deposits 
and their oil content is significantly lower. The same results were found by Bott and 
Gudmundsson (1970, 1977b), who explained that behaviour by concluding that as the 
flow rate increases only those wax crystals and crystal clusters capable of firm 
attachment to the surface, and having good cohesion between them, are not being 
removed from the deposit. Therefore, less wax deposits at higher flow rates, but is 
considerably harder.
F igu re  4.12: E ffect o f  Reynolds num ber on asym ptotic fo u lin g  on stainless steel tube 
(Ghedamu et al., 1995)
A good example for this behaviour arises from the tests carried out during the Wax 
Attack (1999) programme that was conducted to develop improved deposition 
inhibitors. For single phase tests, deposition in laminar and in turbulent flow was very 
different. In laminar flow, the deposit was softer and smoother than in turbulent flow, 
more crude oil was trapped, and the deposit had a more narrow n-alkane distribution 
and was thicker. It was concluded that a reason might be lower erosion of the deposit in 
laminar flow than in the turbulent case where the shear forces are much higher.
4.3.3.S Temperature
According to Mansoori (1996), wax deposition is mostly due to a steep decrease in 
temperature of the crude oil. When a waxy crude is cooled, nucleation takes place and 
the wax begins to crystallise. The temperature, at which the crystallisation process
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starts, is defined as wax appearance temperature (WAT) or cloud point temperature. 
The W AT depends on the concentration of wax in solution and its solubility. According 
to Hunt (1996), pressure can have some effect on WAT, as well, because at higher 
pressures the lighter fractions are compressed more than the heavier ones. With less 
apparent solvent, the paraffins become less soluble. Therefore, the W AT tends to be 
higher at elevated pressures. At increased temperatures, more solid wax can be 
dissolved, i.e. wax displays normal solubility behaviour (Bott, 1997).
Wax deposition occurs, when the temperature of the pipe wall is below both the bulk 
temperature and the wax appearance temperature of the oil. According to Jorda (1966), 
deposits can only be found in limited sections of oil well tubing or flow lines. Upstream 
of the deposition zone, the oil is above the wax appearance temperature, so no solid 
paraffin exists. Downstream of the deposition zone, the paraffin is cooled sufficiently so 
that it does not have adhesive properties. According to Bott (1997), the precise location 
of the wax appearance temperature depends on temperature distribution, which changes 
as the deposit develops. The W AT may be initially at the pipe wall and finally at the 
liquid-wax interface. If the cloud point coincides with the pipe wall, a deposit will form 
on the surface. If the temperature falls below the WAT within the oil, wax particles 
form within the laminar sub layer at the cloud point interface (Creek et a l ,  1999). They 
then either move across the shear field into the bulk of the solution to be redissolved, or 
move to the cold wall and deposit. Figure 4.13 shows the temperature profile across the 
pipe wall for the later case (Bott and Gudmundsson, 1977a).
Cole and lessen (1960) claimed that the temperature difference between the oil cloud 
point and cold pipe wall is more important than that between bulk oil and the cold 
surface. They showed that the initial rate of deposition increased with increasing 
temperature difference. Agrawal et al. (1990) also studied the variation in wax 
deposition with temperature differential between oil and cold surface at a constant flow 
rate. In their experiments, the wall temperature was altered while the bulk temperature 
was held constant. They concluded that deposition increases with increasing 
temperature difference and finally attains an almost asymptotic value (Figure 4.14). 
Additionally, the deposition seems to decrease with an increase in wall temperature.
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F igu re  4.13: Temperature p ro file  across the p ipe  w a ll by B o tt and  Gudmundsson 
(1977a)
Temperature differential (°C)
F igu re  4.14: Wax deposition vs. tem perature d iffe re n tia l between o il and  co ld  surface 
A g ra w a l et al. (1990)
The effect of temperature difference between bulk temperature, Tb , and cloud point 
temperature, Tc , on the asymptotic fouling resistance, R*f , was investigated by 
Ghedamu et al. (1995). According to their results, R f  decreases with increased 
temperature difference (shown in Figure 4.15).
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Besides the effect on the amount of wax deposited, temperature difference also 
influences the size and number of the crystals formed. A high temperature difference is 
associated with a high cooling rate, which favours the formation of a large number of 
small crystals. On slow cooling, large, more uniformly packed crystals are formed, 
which possess a relatively small specific surface area and free energy. Paraffin crystals 
formed under those conditions are observed to have less tendency to form strong 
structural networks, than crystals formed under rapid cooling (Bott and Gudmundsson, 
1977b).
Apart from the effect on crystal growth, temperature difference affects composition of 
paraffin deposits as is described by Bott (1990). Since the wax in the oil is essentially a 
mixture of compounds of different molecular weights, they separate out on 
crystallisation, according to their melting point distribution. As the temperature 
difference between the pipe wall and the oil increases, both high and low melting point 
paraffins crystallise simultaneously forming a weak porous structure with cavities. The 
resulting layer therefore is looser than on slow cooling.
T „ -T e (°C)
F igu re  4.15: Com bined effect o f  bu lk  tem perature and c loud  p o in t tem perature on the 
asym ptotic fo u lin g  resistance, R*f  (Ghedamu et al., 1995)
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4.3.3.4 Concentration
The fouling characteristic of wax was evaluated as function of wax concentration at 
fixed flow rate and bulk temperature by Ghedamu et a l  (1995). The results are 
illustrated in Figure 4.16:
As can be seen, the wax concentration has a very strong effect on the asymptotic fouling 
resistance, R*f  . An increase in wax concentration results in an increased value of R*f  .
Bott and Gudmundsson [1977a] agreed that an increase in wax concentration at 
unchanged temperature and flow conditions would move the cloud point temperature 
interface away from the pipe wall. More particles would form in the extended boundary 
layer suspension and the greater number of particles would increase the probability of 
cohesion. Furthermore, Figure 4.16 indicates an effect of wax concentration on the time 
for attaining the equilibrium between deposition and removal mechanisms. The 
asymptotic fouling resistance is reached earlier at lower wax concentrations.
2.0 -
Re=10000, Tb=29.2°C
1.8 -  Slack wax concentration in kerosene (wl, %)
+ 10 %  
1,6 -  ° 1 8 % 
a 20 %
X —x 1 * ,  1---- 1— '— I— I— J— '---- 1— <— I— i 1— *— J—
0 20 40 60 80 100 120 140 160 180
Time (min)
F igu re  4.16: F o u lin g  resistance vs. tim e f o r  three d iffe ren t w ax concentrations  
( Ghedamu et al., 1995)
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4.3.3.5 Impurities
The presence of small particles of impurities in the bulk fluid may initiate crystallisation 
by providing nuclei and therefore initiating the deposition process by seeding. As a 
consequence it is less likely for wax to crystallise on the pipe wall. Thus impurities in 
the oil might mitigate wax deposition in pipelines or reduce fouling.
On the other hand, solid particles like sand or clay particles suspended in the crude oil 
may scratch off parts of the fouling layer, hence providing a removal mechanism.
4.3.3.6 Surface Properties
Deposition and adhesion of deposit onto a surface depend on the surface properties. 
Bott and Gudmundsson (1970) give a short review of several studies that have been 
carried out to investigate these effects.
There are two main theories why paraffin adheres to a surface:
a) Wettability or Free Surface Energy
b) Surface Roughness
Cole and Jessen (1960) found that the amount of wax deposited decreased with 
decreasing free surface energy for a given temperature difference. A  decrease in free 
surface energy of the plate results in a reduction of the adsorption forces holding the 
paraffin to the plate surface. Several investigations into the effect of surface roughness 
have been carried out without a clear result. Some studies found an increase of 
deposition with increased surface roughness (Hunt, 1962), (Jorda, 1966) whereas others 
could not find any correlations between surface roughness and deposition (Patton and 
Casad, 1970).
4.3.4 Ageing
Ageing, or wax hardening, is based on a ripening process analogeous to Ostwald 
ripening. The mechanism procedes as follows (Creek et a l , 1999):
The initial wax deposition produces an agglomerate of many small crystals with a large 
surf ace/volume ratio and oil included between the crystals. This primary deposition is
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relatively fast, in the order of seconds, because the oil in the pipeline has a high 
supersaturation.
After this ‘open’ wax has formed, a much slower process will occur. Wax deposition 
from the oil in the cavities between the wax crystals will continue until the wax 
dissolved in the oil is in thermodynamic equilibrium with the wax deposited. However, 
if the oil is in thermodynamic equilibrium with a crystal with a small surface/volume 
ratio, then it is undersaturated in wax contend with respect to a crystal with a large 
surface/volume ratio. So wax will redissolve from small crystals into the oil and deposit 
on larger crystals or fill the existing pores, replacing some of the oil. This process will 
stop after a solid layer of wax has been formed. This conversion process from open into 
compact wax is called Ostwald ripening and can be extremely slow, in the order of 
days. During this process the wax content of the deposit is increasing.
Ostwald ripening only occurs in the turbulent case probably because of the difference in 
the amount of heat that passes through the deposit. Turbulent deposits are thinner and 
the heat flow for this system is about 1 0  times greater than for the laminar case.
4.3.5 Buildup and Removal
Experimental work showed, that the overall heat transfer resistance increased rapidly 
with time to a fluctuating average value. These fluctuations were assumed to be the 
result of continuous build-up and break-down processes of the wax deposit, which were 
probably caused by the creation of planes and weaknesses and the increase in shear 
stress at the wall as deposits build up (Bott and Gudmundsson, 1970).
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5.1 Contact Angle & Surface Energy
5.1.1 Contact Angle
If a small droplet of a liquid is placed onto a uniform, perfectly flat, solid surface, it will 
not necessarily spread completely over this surface. Instead, the edge of this droplet 
might form a contact angle 0 with the solid surface, as shown in Figure 5.1. The 
tensions at the three-phase contact point are indicated such that ‘lv’ is the liquid/vapour 
interface, ‘sF is the solid/liquid interface and ‘sv’ is the solid/vapour interface.
At its simplest, the theory of the contact angle allows resolving horizontally the 
equilibrium tensions acting in Figure 5.1 (Kinloch, 1987; Gregg, 1965; Davies, Rideal, 
1963; Parker, Taylor, 1966). This leads to the well-known Young equation (see also 
equation 3.12):
Ys. =Ysi  +  Y „ -cos0.  (5.1)
F igu re  5.1: Contact angle (K in loch , 1987)
Equation (5.1) can be combined with the appropriate form of the Dupre equation, which 
defines the required ‘work’ to effect the separation of the solid and the liquid 
(Israelachvili, 1992),
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W « = Y , r + Y i * - Y , n (5.2)
to give what is known as Young-Dupre equation:
Wrf = Y i ,  -(l + cose). (5.3)
According to Israelachvili (1992), the work of adhesion between a liquid and a solid 
phase, Wsl, can be given in good approximation as
Equations (5.1) to (5.4) are applied in the following for the calculation of the surface 
free energy y s .
5.1.2 Surface Energy
in the interior. An explanation of this ‘surface tension’ can be given in terms of the 
attractive and repulsive forces between the molecules constituting the material. The 
cohesion between the molecules must overcome their tendency to separate under the 
influence of thermal motion. This net attraction is fulfilled most completely in the 
interior of the material, while those atoms or molecules at the surface are attracted less 
completely than they would have been in the bulk. Therefore, the atoms or molecules at 
the surface have a higher energy than in the interior. Since the free energy of a system 
tends to a minimum, the surface of such a pure phase will always tend to contract 
spontaneously, hence surface tension is produced (see Figure 5.2).
(5.4)
The material in the ‘surface phase’ shows properties differing from those of the material
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F igu re  5 .2 : Surface tension (Davies, R ideal, 1963)
In a mathematical way, this can be expressed using the total Helmholtz free energy, F, 
of the system (Davies, Rideal, 1963),
where y s is the surface tension, S is the entropy, T  is the absolute temperature, p  is the 
pressure, V  is the volume, A  is the surface area, \ i  is the chemical potential and n is the 
number of molecules.
Assuming T, V, n  to be constant, the surface tension y s can be given as
Under these conditions, a spontaneous contraction of the surface area (-3A) will 
decrease F (0F negative), provided y s is positive.
In Equation (5.7), the total free energy F is substituted by the total free energy per unit 
area of surface F s = F  /  A ,
d F  = - S  • d T  -  p  • d V  +  y s • dA +  p i' dn , (5.5)
JT,V,n
(5.7)
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In a one-component material, F s depends only on the configuration of the molecules in 
the surface, and not on area, and therefore dFs I d A - 0  at T, V  = constant. Hence, 
Equation (5.7) reduces to
YS = F S, (5.8)
and, similarly for constant V  and p  to
7 s = G s, (5.9)
where G s is the excess Gibbs free energy per unit area of surface. In practice, changes 
of V  and p  accompanying surface changes are small, and F s and G s are practically 
identical (Baehr, 1989). Thus, the surface tension, y s , the Helmholtz free energy per 
unit area of surface, Fs, and the excess Gibbs free energy per unit area of surface, G s , 
are equal expressions considering the assumptions made. In this work, y s is used for 
the description of the surface (free) energy of solid material.
The estimation of surface energy for solid materials is done by measurements of contact 
angles from liquid droplets onto the surfaces of these solid materials. The principles of 
surface energy calculation are described briefly in the following chapter.
5.2 Calculation of Surface Energy
Two calculation methods are applied in this work. For low-energy surfaces (ion 
implanted, sputtered, carbo-nitrated & oxidised and coated surfaces), the Owens, 
Wendt, Rabel & Kaelble method was applied (Owens, Wendt, 1969; Rabel, 1971). For 
the untreated, electropolished and pickled plates (high-energy surfaces), the Schultz 
method was used (Schultz et al., 1977). Both are described in the following two 
sections.
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5.2.1 Owens, Wendt, Rabel &Kaebeiie Method
According to Owens, Wendt, Rabel & Kaelble, the interfacial tension of each phase* 
(solid sv and liquid Iv) can be broken down into a polar (p) and a disperse (d) 
component,
r „ = r i + r Sv. 
Y w = Y t +r£-
(5.10)
(5.11)
The description of the inteifacial tension between the liquid and the solid phase is given 
by the following expression:
r„ = yJw + -  2 ■ (V r T r f+ V r f r i )  • (5.12)
With these relationships and Equation (5.1), cos 6  can be described by an interfacial 
energetic state equation:
COS0 = f (y „ ,Y t , .Y ^ Y i)-  (5.13)
By transformation, a straight-line equation y =  m - x  +  b (see Figure 5.3) is obtained 
with
y  “
1 + COS 6 Y i j y / —y /  l y f
X  =
y f  V y iFt
m  = f y ?  (slope) b = -J y J  (y-axis intercept)
Interfacial tensions between liquid & vapour phase and solid &  vapour phase respectively, where air 
represents the vapour phase. y t is known as the surface tension of a liquid phase and y s is the surface 
(free) energy of the solid phase.
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F ig u re  5.3: D e te rm ina tion  o f  the disperse and p o la r  components o f  the surface
energy (K rtiss  GmbH, 1997)
If the values YnY i  andY? are known for various test liquids and if the contact angles 0
to the solid surface have been measured then, with the help of these data, a 
compensation straight-line curve y  = m  • x  +  b can be determined, from which the
values Ys anc* Ys can be obtained directly in the manner described above; y f  = m 2
and y ds = b 2 .
5.2.2 Schulz Method
High-energy surfaces are usually totally wetted. For this reason, the determination of 
the surface energy from simple contact angle data is not possible. Schultz et al. (1977) 
presented a two-liquid method to measure surface energy of high-energy solids. They 
measured the contact angle of liquid on solid under another liquid, that is, the vapour 
phase is replaced by a second liquid immiscible with the first. The initial liquid (d rop) is 
water and the surrounding liquid (bu lk) is a member of the n-alkane series.
Assuming that Young’s equation applies to a liquid/liquid/solid system, we obtain
YsiMk ~  Yidr0l,iMk ’ C05(@sillri>l>) + Ysidrop» (5.14)
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where 0 5/ is the contact angle of a drop of test liquid on the solid surface under a
different (surrounding) liquid. The interfacial tensions between the solid and the drop 
and the bulk liquid respectively are described by
r = r. + rw -2• f t - r L  -1 £,> <5-15>
and
7 st,„M Y s + 7/. ■ K  ndSkulk (5.16)
In Equation (5.15) and (5.16) respectively, ^  is the non-disperse component of the
interactions between the particular liquid and the solid. It contains dipole-dipole 
interactions, dipole-induced dipole interactions, hydrogen bridges, ^-bondings, charge 
transfer interactions etc.
Combination of Equations (5.14), (5.15) and (5.16) gives
~ r luk +rw„. -cos(es,tj  = 2 -J f f  ■ - f i C h VL ,  ~ ( 5-17)
y m x i>
If the drop liquid is water and the surrounding liquid an n-alkane then I f f  can be 
ignored. If y  can be plotted against x  based on the straight-line equation y  =  m  • x  +  b 
then the slope m and the y-axis intercept b can be determined from the regression line. 
From these values, the disperse component of the surface energy and the non-disperse 
component of the interactions between drop phase and solid surface can be determined 
(see Figure 5.4).
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F igu re  5.4: D eterm ina tion  o f  the surface energy using the Schultz method
(KrUss GmbH, 1997)
From Equation (5.17), the non-dispersive component of the interactions between any 
surrounding (bu lk) phase and a solid can be determined.
The polar interactions are obtained from the geometric mean of the participating polar 
components of the surface energy. This results in a straight-line equation, from which 
the polar (non-dispersive) component of the surface energy of the solid can be obtained,
For the characterisation of low energy systems such as polymers or organic liquids Wu
adhesive and substrate are similar. The geometric harmonic mean Equation 5.19 is 
proposed for the description of high energy systems such as mercury and glass. Since 
the heat transfer surfaces which have been used in fouling experiments include 
materials with non-polar as well as low energy characteristics, both the geometric and 
harmonic mean method have been deployed to calculate interfacial energies.
(5.18)
(1982) favours a harmonic mean approach assuming that the polarisabilities otj  of
(5.19)
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The problem in using the geometric and harmonic means is that none of these methods 
accounts for polar interactions due to the presence of polar media (e.g. water). These 
electron-acceptor electron-donor interactions are explained using the Lewis acid-base 
theory (index ‘AB’). Van Oss (1994) provides an approach to calculate yA/ as a function 
of Lifshitz-van der Waals and acid-base components according to Equation 5.20.
LW . n/ AB
Yd -  y  si ^Y d
(5.20)
=[Fff-Fff']J / v V  + Fjy„~ )
The main difference between ysiLW and yslAB lies in the fact, that ysiLW can only be 
positive or zero, whereas ysiAB can also have negative values due to positive repulsive 
interactions between two phases immersed in polar media.
The experimental determination of surface free energy characteristics of both adhesive 
and substrate has been earned out using a DSA (drop shape analysis) technique, which 
is described in chapter 5.3.
5.3 Contact Angle Measuring Instrument / Measuring Procedure
A G10 Contact Angle Measuring Instrument in connection with a Drop Shape Analysis 
(DSA) program from Krtiss GmbH, Hamburg, Germany was used for the determination 
of the contact angles and the surface energies, respectively. As can be seen in Figure 
5.5, the Measuring Instrument consists of several components, namely the sample stage 
with control elements for sample movement (1 ), the zoom objective with control 
elements for objective movement (2), the illumination (3), the syringe holder with 
syringe (4) and the video adapter with the CCD video camera (5).
Surface contamination has a significant influence on the wetting behaviour of the solid 
substrate (Mantel, Wightman, 1994). Therefore, it is important to examine clean 
surfaces and, more important, to apply the same cleaning procedure with each of the 
surface samples. In this work, the surface samples were cleaned with acetone and a soft
Surface Characterisation & Modification Techniques
tissue in order to remove fat and dust from the surface. The samples were then dried in 
an air stream to ensure that no acetone remained on the surface.
F igu re  5.5: K riiss  G10 contact angle &  surface energy measurement system 
Measuring Procedure
To carry out a contact angle measurement, the surface sample was positioned onto the 
sample stage, and its position was adjusted using the control elements of the sample 
stage.
To produce a droplet onto the surface of the sample, a test liquid was placed on the solid 
surface with the help of a 1 ml syringe equipped with a needle of 0 .2 1  mm inner 
diameter and 0.36 mm outer diameter. The syringe holder allowed to position the 
syringe and to control the drop volume.
There are several parameters existing, which influence the contact angle. The most 
important ones are evaporation and adsorption effects of the test liquid, and
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heterogeneities o f the surface (Horsthemke, Schroder, 1985). Therefore, in this work the 
dynamic advancing contact angle was measured to overcome these effects. An  
advancing contact angle can be measured with an increasing liquid drop. The needle of 
the syringe remained in the droplet during the measurement, as shown in Figure 5.6.
A  liquid drop with a diameter o f about 1 - 2  mm was placed on the surface sample. 
Pushing more liquid through the needle enlarged the drop. The border line between 
liquid and solid was moving while the drop volume increased. The contact angle had to 
be measured while the drop volume was increasing, which means while the border line 
liquid/solid was moving.
Figure 5.6: Advancing contact angle
The image of the droplet was recorded by the video camera and displayed on the video 
monitor. A  ‘frozen’ picture of the droplet image was then taken using the D S A  
program, which was used for the determination of the contact angle and the calculation 
of the surface energy respectively. Applying a dynamic method for the determination o f 
the contact angle means that a series o f droplet images were taken due to the increased 
volume of the droplet. Therefore, the measured contact angle for each test liquid and
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each surface sample were average values calculated from a series o f measured contact 
angles.
The determination o f the contact angle is based on the fitting o f the drop profile in the 
region of the three-phase contact point to the solid surface using the Young-Laplace 
(sessile drop fitting) method (Kriiss Gm bH, 1997). Fitting parameters were determined 
iteratively to obtain a function, which describes the drop profile in the region of the 
contact point. The contact angle was then determined from the derivative of this 
function.
The test liquids used for the contact angle measurements are listed in Table 5.1. These 
liquids were chosen according to the criteria stated by Mash (1991). They cover a wide 
range o f surface tensions ranging from totally disperse to largely polar.
Substance CAS-N o
Density 
@ 20 
°C
[g/cm3]
M W
[g/mol]
Viscosity 
[mPa s]
Yi
[mJ/m2]
Yi
[mJ/m2]
Yf
[mJ/m2]
Water h 2o - 0.998 18.02 1.002 72.8 26.0 46.8
Benzyl
Alcohol
c 7h 8o 100-51-6 1.042 108.10 7.052 39.0 30.3 8.7
Ethylene
Glycol
C 2H 6 0 2 107-21-1 1.109 62.07 21.810 47.7 26.4 21.3
n-Hexane C 6H 14 110-54-3 0.661 86.18 0.326 18.4 18.4 -
n-Hexade-
cane
C i6H 34 544-76-3 0.773 226.40 3.340 27.6 27.6 -
Table 5.1: Test liquids for contact angle measurement
5.4 Surface Roughness
Different heat transfer surfaces can only be compared with respect to fouling 
performance and wetting i f  they have similar topographical properties. Hence, the 
influence o f surface contour on fouling has to be taken into account.
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Surface texture refers to the locally lim ited deviations of a surface from the smooth
ideal intended geometry o f the part; deviations from the nominal surface that are closer 
together than geometric irregularities. The deviations can be categorised on the basis o f 
their general patterns:
Surface texture includes closely spaced random roughness irregularities and more 
widely spaced repetitive waviness irregularities. American National Standard A N S I 
B46.1 (1985) defines it as the repetitive or random deviation from the nominal surface 
that forms the three dimensional topography of the surface. As such, it includes 
waviness, roughness, lay, and flaws. From a practical point, these characteristics can be 
distinguished based on their origination.
Surface roughness, the finer random irregularities o f surface texture, usually results 
from the inherent action o f the production process instead o f from the machining 
process. These include traverse feed marks and other closely spaced irregularities 
produced by the cutting tool, grit, or other process-related actions.
Waviness, the wider-spaced repetitive deviations, can usually be attributed to the 
characteristics of an individual machine or to external environmental factors. It may 
result from such factors as machine or work deflection, vibration, chatter, heat 
treatment, or warping strains. Because both process and machine induced irregularities 
occur simultaneously, roughness appears superimposed on waviness (Veeco, 1999).
The one parameter that is standardised all over the world and is specified and measured 
far more often than any other is the arithmetic average roughness height, or roughness 
average Ra, as shown in Figure 5.7. Now  universally called Ra, it was formerly AA 
(Arithmetic Average) in the U.S. and CLA (Centre Line Average) in the U .K . It  is the 
arithmetic mean of the departures o f the roughness profile from the mean line (D IN  
4768/1; Htttte, 1991),
x=l,
m x=0
(5.21)
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y
Figure 5.7: Arithmetic average roughness height Ra
The common surface texture parameters such as the arithmetic mean deviation Ra and 
the mean roughness depth R z give a poor description o f the influence o f surface 
geometry on fouling. B y means o f these parameters, the surface contour is described in 
the vertical direction only although widths of profile elements can serve as regions for 
preferred nucleation.
A  more detailed description o f the influence o f surface topography on nucleation is 
realised by the deployment o f modem surface texture parameters based on the 
roughness profile according to D IN  E N  ISO  13565. Filtering the surface profile by 
minimising residual profile distortions leads to the so-called Abott-Firestone curve, 
which is divided by a straight line into three areas. The core roughness depth Rk is the 
depth o f the roughness core profile, whereas the reduced peak height RPk is the mean 
height o f the peaks protruding from the core area and the reduced valley depth RVk is the 
mean depth o f the valleys extending from the core area. High values o f Rk, Rpk and RVk 
correspond to a cleaved surface geometry favouring nucleation.
In this work, Ra, Rp, Rpk and Rvk have been applied as characteristic parameters of the 
surface roughness o f the investigated heat exchanger plates.
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Figure 5.8: Definitions o f surface roughness parameters 
5.4.1 Roughness Measurement -  Stylus Method
For the measurement o f the surface roughness o f heat exchanger plates, the Perthometer 
M 4P / from M ahr GmbH, Gottingen, Germany was used (see Figure 5.9). A  pick-up was 
drawn straightly and at a constant speed over the surface to be traced. The pick-up 
generated a two-dimensional image of the profile by assessing the surface structure via 
the mechanical movements o f a stylus tip, and the arithmetic mean deviation Ra o f the 
roughness profile was then calculated. The measurements were earned out at top, 
bottom and side o f five different plate corrugations, and average values for these three 
points were calculated from the obtained values.
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Figure 5.9: Surface roughness measurement instrument (Mahr UK)
5.4.2 Atomic Force Microscope (AFM)
An atomic force microscope from Park Scientific Instruments was used for the 
measurements of the surface topography. Howland and Benatar (1993-1997) give an 
overview of the measuring procedure.
The atomic force microscope (A F M ) probes the surface of a sample with a sharp tip, a 
couple of microns long. The tip is located at the free end o f a cantilever that is 100 to 
200pm long. Forces between the tip and the sample surface cause the cantilever to bend, 
or deflect. A  detector measures the cantilever deflection as the tip is scanned over the 
sample, or the sample is scanned under the tip. The measured cantilever deflections 
allow a computer to generate a map of surface topography.
Several forces typically contribute to the deflection o f an A F M  cantilever. The force 
most commonly associated with atomic force microscopy is the van der Waals force.
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The dependence o f the van der Waals force upon the distance between the tip and the 
sample is shown in Figure 5.10.
Figure 5.10: Interatomic force vs distance curve (Howland and Benatar (1993-1997))
At the right side of the curve the atoms are separated by a large distance. As the atoms 
are gradually brought together, they first weakly attract each other. This attraction 
increases until the atoms are so close together that their electron clouds begin to repel 
each other electrostatically. This electrostatic repulsion progressively weakens the 
attractive force as the interatomic separation continues to decrease. The force goes to 
zero when the distance between the atoms reaches a couple o f angstroms. When the 
total van der Waals force becomes positive (repulsive), the atoms are in contact.
Tw o distance regimes are labelled on Figure 5.10: 1) the contact regime and 2) the non- 
contact regime. The contact imaging technique is described in the following
In  the contact regime, the cantilever is held less than a few angstroms from the sample 
surface, and the interatomic force between the cantilever and the sample is repulsive. As 
a result, almost any force that attempts to push the atoms closer together is balanced out.
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This means that when the cantilever pushes the tip against the sample, the cantilever 
bends rather than forcing the tip atoms closer to the sample atoms.
In  addition to the repulsive van der Waals force, two other forces are generally present 
during contact-AFM operation: a capillary force exerted by the thin water layer often 
present in an ambient environment, and the force exerted by the cantilever itself. The 
capillary force arises when water wicks its way around the tip, applying a strong 
attractive force that holds the tip in contact with the surface. The variable force in 
contact A F M  is the force exerted by the cantilever. The total force that the tip exerts on 
the sample is the sum o f the capillary plus cantilever forces, and must be balanced by 
the repulsive van der Waals force.
Most A FM s currently on the market detect the position o f the cantilever with optical 
techniques. In the most common scheme, shown in Figure 5.11, a laser beam bounces 
off the back of the cantilever onto a position-sensitive photodetector (PSPD). As the 
cantilever bends, the position o f the laser beam on the detector shifts. Other methods of 
detecting cantilever deflection rely on optical interference, or even a scanning 
tunnelling microscope tip to read the cantilever deflection.
Figure 5.11: The beam-bounce detection scheme (Howland and Benatar, 1993-1997)
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5.5 Surface Modification Techniques
From the point of view of surface science, the formation of a deposit on a metal surface 
may be considered as an interaction between the deposit and the surface. In general, 
maximum adhesion occurs in systems undergoing a maximum decrease in surface 
energy and poorest fouling adhesion should occur on materials that have low surface 
energies.
Mtiller-Steinhagen and Zhao (1997) evaluated a number o f different coating techniques 
by measuring contact angle and surface energy of the coatings. They found that Ion 
Implantation, Unbalanced Magnetron Sputtering, M ixed  Sputtering and Plasma Arc 
Deposition have the greatest potential for preparing low fouling surfaces. Unlike  
commonly used coatings, the additional heat transfer resistance o f alloy layers is 
negligible because the alloy layer thickness is only about 1-3 p,m. The other main 
advantages are that the alloy surface meets wear resistance and welding requirements.
It is the purpose o f this work to investigate the influence o f surface properties (surface 
energy &  surface roughness) o f heat exchanger surfaces on the fouling behaviour. The 
surfaces o f the investigated heat exchanger plates had to be modified in order to obtain 
different surface properties, which was done with the following treatment technologies:
•  Ion Implantation
Arc Sputtering
Ion Sputtering
Magnetron Sputtering
Carbo-Nitriding &  Oxidising
9 N i-P -P TFE  Coating
Electropolishing
Roughness Modifications
Pickling
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The basic principles o f the above listed treatment methods are given in the following  
sections.
5.5.1 Ion Implantation
Ion implantation is the name given to a technology, which uses ion accelerators to direct 
beams of ions into materials. These ions are used to modify the target material, to create 
radiation damage and to sputter away surface atoms. Ion implantation is the major 
technology used to introduce impurities into solids in a uniform and reliable way. It  is 
usually the technique of choice for the electrical doping of semiconductors. The 
introduction of atoms into the surface layer o f a solid substrate by bombardment o f the 
solid with ions can vary in the keV to M e V  energy range. During ion implantation, a 
beam of dopant ions o f fixed energy is swept across the target surface. The ions have a 
sufficiently high velocity, about 108 cm/s, so that they penetrate through the surface and 
come to rest at a depth o f 10 to 1,000  nm, depending on their energy and their mass, and 
on the mass o f the atoms of the substrate material (MUller-Steinhagen, Zhao, 1997). The 
technology has universal acceptance because o f the accuracy o f the number of 
implanted atoms, and the uniformity o f the implantation across the surface (Ziegler, 
1992).
When an energetic ion penetrates the substrate material, it w ill undergo a series of 
collisions with the target nuclei and electrons and lose its energy until it comes to rest. 
The major processes of energy loss are (i) direct collisions between the ion and a 
screened nucleus, (ii) excitation of electrons bound in the solid and there may be (iii) 
charge exchange processes between the ion and the atoms o f the solid as well 
(Townsend et al., 1976; Dearnaley et al., 1973). A ll three processes are energy 
dependent and hence make different contributions to the energy loss along the path of 
the ion. For simplicity, the three contributions are treated independently and written as a 
differential energy loss equation as
dE
dx J loss
dJE_
dx nuclear
dE
dx
+
J  electronic
dE_
dx
(5.22)
Jexchange
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In Equation (5.22), E  represents the ion energy and x  is the travelled distance of the ion. 
Figure 5.12 shows schematically the variation o f the first two terms in Equation (5.22) 
with ion energy. It can be seen that both increase with energy, reach a maximum and 
then decrease again. A t the lowest energies, nuclear stopping dominates and is 
responsible for most of the angular dispersion of an ion beam. A t higher energies, 
electronic collisions are more important.
Ion velocity v
Figure 5.12: Behaviour o f nuclear and electronic contributions to the specific energy 
loss (Dearnaley et al., 1973)
The total distance that the ion travels is called its range Rtot, determined by the rate o f 
energy loss dEldx, along the path o f the ion with Eq as the incident energy o f the ion as 
it enters the target,
The more important parameter is the projected range Rp, which is also called penetration 
depth. This is the average depth to which an ion w ill penetrate when the incident beam 
is normal to the surface. It is related to the total range Rtot and the lateral spread R\_ o f 
the beam as shown in Figure 5.13.
(5.23)
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Figure 5.13: Path o f ion entering a solid substrate (Townsend et al, 1976)
The ion energy can be calculated from its velocity u and its mass m.
E = i m u 2 (5.24)
Surface (free) energy y s (see sections 5.1 and 5.2) can be expressed as a function of 
surface internal energy U s , temperature T and surface entropy S s :
y s = u s _ t . s S9 (5 j2 5 )
S s represents the degree o f disorder in the surface, which increases when foreign 
elements are implanted into the surface. I f  the implanted elements possess higher 
energy, the interatomic bond energy between the molecules or atoms and, hence U s 
w ill be reduced. Therefore, according to Equation (5.25), surface energy w ill decrease 
due to the increase in S s and the decrease in U s (Muller-Steinhagen, Zhao, 1997). The 
Electric Double Layer theory indicates that, i f  elements with weak metal properties, 
such as F, C, H  and Si etc., are implanted into a metal surface layer, free electrons on 
the metal surface, and hence its surface energy w ill be reduced.
The ion implantation work was earned out in the Department o f Electrical Engineering 
at the University of Surrey using a Van de Graaff accelerator, as shown in Figure 5.14.
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In  the ion source chamber (1), electrons from a cathode source are accelerated across a 
high voltage zone in order to interact with and ionise the target gas sample. A fter being 
separated from the source the ions pass the W ien-filter (2) for a rough mass separation 
and are then accelerated in the Van de Graaff accelerator (3). Focusing o f the beam is 
provided by a quadrapole (6 ) and the 90° magnet (8 ) gives a very precise separation of 
the ions according to their mass. Undesirable ions and isotopes are segregated out using 
a slot (9). Subsequently, the ion beam is focused again (10) and a uniform distribution is 
applied to the test surface by means o f the deflection plates (12). Ions that were 
neutralised during the acceleration and focusing process are not affected by the 
deflection plates and are removed by the neutral beam trap (13). The whole system is 
operated under high vacuum, down to 1.6 - 10'9 bar, in order to minimise the number o f 
neutralised ions and enable the beam to be more easily focused.
Figure 5.14: Schematic diagram o f the Van de Graaff HVE ion implanntation facility 
(Muller-Steinhagen, Zhao, 1997)
Three different kinds of ions were chosen for the implantation process, namely H +, F+ 
and Si+. F + and Si+ were also applied in combination. Table 5.2 gives an overview over 
the process conditions and the reached ranges (penetration depths o f the ions) and 
straggles (scattering ranges o f the ions) of the implantation processes.
The calculations o f the ranges and deviation were carried out by A. N ejim  from the Ion 
Beam Centre at the University o f Surrey using the SUSPRE calculation (Webb, 1992). 
In  case of the SiF+ implanted plates, the Si+ and F + ions are sharing the energy rate of
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100 keV  to the given values, which means 28/47 of the energy for the Si+ and 19/47 for 
the F +. This produces the given ranges and straggles for the ions when applied in 
combination. It  has to be mentioned that the calculations were carried out for pure iron 
(Fe) with a density o f 7.87 g/cm3. The results would be different for stainless steel, but 
the deviation error is systematic since the calculations for all four kinds of implantation 
processes were earned out for pure iron.
Ion Energy [keV] Dose [ions/cm2] Range [nm] Straggle [nm]
H* 15 5* 10lb 88.6 44.4
F + 100 5- 1016 90.0 45.8
Si+ 100 5- 1016 60.8 32.4
SiF+
Si+
100
59.57
5- 1016
35.9 21.0
F+ 40.43 36.4 23.0 
-  _________  _
Table 5.2: Ion implantation conditions, Ranges & Straggles
The concentration distribution of Fluorine ions as a function of the depth of the base 
material can be seen in Figure 5.15. This concentration map has been calculated with 
the Monte-Carlo program T R IM . This is part o f a program package which calculates the 
stopping and range of ions (10 eV  - 2 GeV/am u) into matter using a full quantum 
mechanical treatment o f ion-atom collisions. This calculation is made very efficient by 
the use of statistical algorithms which allow the ion to make jumps between calculated 
collisions and then averaging the collision results over the intervening gap. During the 
collisions, the ion and atom have a screened Coulomb collision, including exchange and 
correlation interactions between the overlapping electron shells. The ion has long range 
interactions creating electron excitations and plasmas within the target. These are 
described by including a description of the target's collective electronic structure and 
interatomic bond structure when the calculation is setup. The charge state o f the ion 
within the target is described using the concept o f effective charge, which includes a 
velocity dependent charge state and long range screening due to the collective electron 
sea o f the target (Ziegler et al., 1996). T R IM  (the Transport o f Ions in Matter) is the 
most comprehensive program included in this package. T R IM  w ill accept complex 
targets made o f compound materials with up to eight layers, each o f different materials.
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It w ill calculate both the final 3D  distribution of the ions and also all kinetic phenomena 
associated with the ion's energy loss: target damage, sputtering, ionization, and phonon 
production. A ll target atom cascades in the target are followed in detail.
5.0x1021 
4.0x1021
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— 3 .0x1 o21
O
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C 2.0x1021
O
c
3 1.0XI021 
0.0
Figure 5.15:
The application of ion implantation in the present investigation may cause some 
problems due to the corrugated shape of the plates. The beam of dopant is swept parallel 
to the surface normal across the surface (see Figure 5.13). This means that the ions may 
penetrate the surface of the plates with different angles, which results in different 
surface roughness on top and bottom of the corrugations and on the side of the 
corrugations respectively (see chapter 5.4). The same problem may occur in case of 
surface treatment with ion sputtering.
t--------------- •--------------- 1---------------•--------------- 1--------------- 1--------------- 1--------------- 1--------------- r
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Depth (A)
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In  general low fouling surface alloys produced by ion implantation have unique 
advantages over other anti-fouling coatings (Muller-Steinhagen, Zhao, 1997):
® The alloy elements implanted into the metallic surface layer exist in a state o f
solid solution, so there is no obvious interface between alloy layer and metal 
body, and the alloy layer is not easily removed.
•  The thickness o f the alloy layer is only about 1 pm, hence any additional heat 
transfer resistance does not occur (see chapter 5.2).
•  The alloy surface can protect the surface from corrosion and erosion, which w ill 
prolong the lifetime of the substrate metal to be used.
® The alloy surface is weldable.
5.5.2 Ion Sputtering/Unbalanced Magnetron Sputtering
Sputtering is a process whereby material is dislodged and ejected from the surface o f a 
solid due to the momentum exchange associated with surface bombardment by high- 
energy particles. In  the sputtering process, the target (i.e. the source o f coating material) 
is the negative pole or cathode. The substrate is usually the positive pole or anode, but it 
can be given an imposed negative bias in order to increase the energy o f bombardment 
during deposition. When the electric field intensity produced between the two poles is 
above a certain value, it w ill ignite an electric discharge and ionise the working gas (e.g. 
Ar). Such a low-pressure electric discharge is called a glow discharge, and the ionised 
gas is called plasma. The target is negatively biased so that its surface is bombarded by 
positive ions from the plasma. When the atoms are dislodged and ejected from the 
target, they fly  to the substrate and form a deposit on it as can be seen in Figure 5.16. I f  
the substrate is biased, it is subjected to positive ion bombardment to form a coating 
(Stuart, 1983).
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Figure 5.16: Schematic diagram o f a magnetron ion sputtering process (Stiiber, 1997)
Sputtering is a function of many variables including the masses o f the ion and target 
atom, the ion energy, direction o f incidence to the face o f the target, the target 
temperature and the ion flux (current density).
So far, only one coating type - diamond-like carbon (D L C ) - was found to combine high 
hardness with a very low coefficient o f friction. Because of the excellent physical 
properties of thin film  diamond, there are many interesting applications o f this material. 
Ion beam deposited carbon films are amorphous and exhibit properties such as optical 
transparency, high electrical resistivity, a high index of refraction, a high density and a 
hardness comparable with that of diamond (Hofsass et al., 1993). In this investigation, 
stainless steel heat exchanger plates were sputtered with diamond-like carbon by Teer 
Coating Ltd., U K , using their patented unbalanced magnetron sputtering system.
In order to further investigate low energy surfaces, a stainless steel heat exchanger plate 
was sputtered with chromium (Cr), nitrogen (N ), titanium (T i) and fluorine (F) ions 
simultaneously at Teer Coating Ltd., U K  using their patent for a close-field multiple 
magnetron sputtering ion plating system. The use of multiple ion plating sources allows 
many different target materials to be used simultaneously, to form alloys or reactive 
alloy films.
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5.5.3 Carbo-Nitriding & Oxidising
One pair o f heat exchanger plates has been carbo-nitrated and oxidised. The treatments 
were earned out by Metaplas Ionon Oberflachenveredelungstechnik Gm bH, Bergisch 
Gladbach, Germany using their so-called IO N IT ® -O X  process. This process finds 
application in automobile industry, chemical industry, machine industry and food 
industry to achieve higher wear and corrosion resistance o f metallic materials. The 
patented process combines carbo-nitriding and oxidising.
Carbo-Nitriding is a surface hardening technique. The process results in a surface 
containing carbon and nitrogen, which are introduced simultaneously (Domke, 1986; 
Bargel, Schulze, 1994). The process is earned out in a sophisticated gas atmosphere in 
puipose-designed furnaces. The furnaces used are generally two-stage devices, with a 
preheat area used to bring the components to temperature. This area is sealed from the 
active area and also from the air atmosphere. When the components are at a 
predetermined temperature, the inner door o f the furnace is opened and the components 
are pushed into the controlled atmosphere o f the furnace itself. This atmosphere w ill be 
created from propane or butane or, in some circumstances, town or natural gas. Into this 
is injected ammonia, which results in the required atmosphere to produce the necessary 
amount o f atomic carbon and nitrogen that w ill then react with the surface o f the steel to 
produce iron carbides and iron nitrides. One advantage o f using carbo-nitriding is that 
the range of temperatures at which the process can occur is wider than with either the 
nitriding or the carburizing processes (Ross, 1988; Gabe, 1978).
Since carbo-nitriding is a diffusion process, the reduced surface energy is due to the 
implementation o f carbon and nitrogen into the surface, and the responsible mechanism 
is the same as in case of ion implantation.
Typical treatment conditions are given to 570 °C over 5 hours for the carbo-nitriding 
and 520 °C over 60 minutes for the oxidation process (Hoppe, 1998). The result of the 
oxygen post-treatment on the structure o f the treatment layer is visible in Figure 5.17.
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Figure 5.17: Microstructure o f the outside layer o f a plasma carbo-nitrated and 
oxidised steel (Hoppe, 1998)
5.5.4 Ni-P-PTFE Coating
Alternatively to the methods described above, a number o f low-energy polymer 
coatings, for example, fluoropolymers and silicone polymers, have been developed. 
Fluoropolymers like Polytetrafluoroethylene (PTFE) are of high interest for industrial 
coating applications because of their resistance to high temperatures, chemicals and 
organic solvents. They find wide applications as functional coatings with unique 
properties, such as reduction of wear due to low friction and abrasion and oil and water 
repellency, corrosion and fatigue processes.
The unique surface properties o f polymers containing fluorine atoms, compared to 
polymers containing hydrogen atoms, arise from the fact that electrons are held closely 
and tightly around the fluorine atom and can not be shared or easily polarised. 
Contrariwise the electron density around the hydrogen atom is mostly in a covalent 
bond, leaving the atom unshielded and able to induce weak bonds (Paul, 1996). PTFE is 
a very inert material with a relatively high melting point (325 °C ), and its coefficient of 
friction is lower than that of almost any other polymer (f  =  0.1). The tribological 
properties of PTFE relate to the structure of the polymer molecule which allows the 
polymer chains to slide easily over each other when subjected to shear stresses. This
- 89-
Surface Characterisation & Modification Techniques
behaviour readily facilitates the transfer of the polymer to the surface o f the material 
sliding against it to form a thin lubricating film  (Hadley, Harland, 1987; Metzger, Luce, 
1986; Roberto 1989).
Although these surfaces do accumulate fouling, due to their low surface energy (18.6 
mJ/m2), PTFE coatings have excellent non-sticking and antifouling properties therefore 
the attachment is more loosely adhered and quite easily detached.
Composite electroless nickel-phosporus-polytetrafluoroethylene (N i-P -P TFE ) coatings 
have become a major growth area within the electroless nickel market. These composite 
coatings meet a wide range of engineering specifications, providing wear resistance and 
lubricity. Processes that are easy to operate, and produce coatings o f uniform  
composition on different substrates have been commercialised. A  novel suggested 
application o f the low-energy N i-P -P TFE  polymer coating, is in heat exchanger fouling 
mitigation.
Electroless nickel itself is also increasingly used for engineering applications and in 
many instances is replacing hard chromium because of its unique physical and chemical 
properties. Due to its autocatalytic nature, the electroless nickel process is able to 
deposit a uniform thickness regardless o f the shape of the base material. The corrosion 
resistance o f the deposit is excellent and in most environments superior to that o f pure 
nickel or chromium alloys. This is due to the inherent passive nature o f the phosphorus- 
nickel alloy, and almost pore free and uniform thickness o f the coating (Tulsi, 1983).
Electroless nickel has demonstrated that it is a versatile material which is valuable for 
protecting parts from corrosion and/or wear. The scope o f electroless nickel has further 
been increased by co-depositing materials such as silicon carbides, ceramics, diamonds 
and fluoropolymers like PTFE. This is achieved by talcing advantage of different but 
often complimentary properties of nickel-phosphorus alloy and the particles. PTFE  
particles can be used to lower coefficient o f friction, impart lubricity and decrease 
surface energy.
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In  a composite nickel-phosphorus PTFE  coating, the soft polymer is incorporated into 
the hard nickel matrix. In  such a system, PTFE  particles are codeposited with the 
nickel-phosphorus alloy. The plating method and process are very similar to that of 
conventional electroless nickel. The PTFE is uniformly incorporated and distributed 
into the hard electroless nickel matrix and is intimately constrained and supported by it. 
Varying the thickness of the composite coating can easily and accurately control its life. 
According to Hadley and Harland (1987), a deposit thickness between 6.35 and 12.7 pm  
has been found to be satisfactory for most applications. Metzger and Luce (1986) give 
the size of the PTFE particles used as less than 1 pm.
For the coating process, the heat transfer surface is immersed in a bath. The 
combination o f special solution chemistry and a polymerically stabilised dispersion 
containing submicron PTFE  particles allows the use of conventional electroless nickel 
equipment for plating, making this process very simple to install. Typical operating 
conditions for the N i-P -P TFE  coating process are listed below (Knaak, 1991).
N ickel sulphate: N iS 0 4 ftfyO 20 -  30 g/1
Sodium hypophosphite: NaHiPCfy 2H20 25 -  40 g/1
Accelerator 30 -  50 g/1
stabilisers 0.5 -  4.0 mg/1
initiator 0.5 -  2.0 mg/1
pH 4.5 -  5.0
temperature 85 -  95 °C
solids 10 -  50 g/1
Table 5.3: Operation conditions for Ni-P-PTFE coating process
Distribution o f PTFE particles is uniform throughout the thickness o f the deposit 
(Roberto, 1989). The fraction o f PTFE  particles in the Nickel-Phosphorus matrix is 
between 15 and 30 vol. % with a diameter o f the particles less than 1 pm. The applied 
deposits, in this investigation, have a thickness between 5 and 15 pm. The stainless steel 
surfaces are cleaned by several steps, to ensure a good adhesion, before getting coated.
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Typical characteristics for electroless nickel-phosphorus PTFE  coatings are given in 
Table 5.4.
Nickel 84.6 %  by weight
Phosphorus 7.0 % by weight
PTFE 8.4 % by weight 
(25.0 %  by volume)
Density 6.5 g/ml
Hardness 300 V H N  (as deposited) 
500 V H N  (after hardening)
Table 5.4: Typical deposit characteristics (Roberto, 1989; Hadley, Harland, 1987)
The investigated N i-P -P TFE  coatings in the present work were made at B A SF AG , 
Ludwigshafen, Germany in a similar manner as described above (Muller-Steinhagen et 
al., 1998). One pair of plates has been hardened using a tempering process.
5.5.5 Chemical Vapour Deposition
Chemical vapour deposition (C V D ) is a method of forming dense structural parts or 
coatings using the decomposition o f relatively high vapour pressure gases. Gaseous 
compounds of the materials to be deposited are transported to a substrate surface where 
a thermal reaction/deposition occurs. Reaction by-products are then exhausted out o f the 
system.
C V D  is a very versatile process used in the production o f coatings, powders, fibres and 
monolithic parts. W ith  C V D , it is possible to produce almost any metallic or non- 
metallic element, including carbon and silicon, as well as compounds such as carbides, 
nitrides, borides, oxides, intermetallics and many others. Coatings, the most common 
application o f C V D , generally fall into one o f two categories (electronic materials or 
protective coatings), and are applied either as conversion coatings or as deposited 
coatings. Conversion coatings involve the surface formation o f a compound where one 
of the elemental components is already present on the surface. Oxidising a silicon wafer 
to form silicon dioxide (S i0 2) is an example of a conversion coating. On the other hand, 
all o f the elemental constituents o f a deposited coating can come from the vapour phase.
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For example, the deposition of silicon from silane would be considered a deposited 
coating (Ultramet, 2000).
The feed vapour must be generated by evaporation from a surface, usually a solid 
surface. The volatised material is then transported from the source o f the feed to a 
substrate on which it is deposited. This process is shown schematically in Figure 5.18.
Figure 5.18: Schematic drawing o f vapour deposition process (Powell et al,. 1966)
The feed, which may contain randomly oriented crystals o f the desired material 
(represented by white cubes) with many impurity atoms (represented by black cubes), 
can be selectively volatised by heating. The vaporised atoms then w ill usually condense 
on the first cool surface which they strike. To form a deposit at the desired location, T 2 
must therefore be lower than T i, or the condensed material w ill reevaporate. I f  a 
chemically reactive gas is present in the system (represented by white spheres), the 
reactive gas, such as iodine, can strike the feed and chemically react to form a volatile 
heat-sensitive compound, which can diffuse or be transported to any location in the 
system. I f  the substrate is hotter than the feed, the volatile gas can be thermally 
activated to deposit the pure material, and the earner gas can then re-enter the transport 
circuit or flow  back to the feed (Powell et al., 1966).
The morphology o f vapour-deposited materials is determined in the nucleation and early 
growth stages. Deposits prepared by vapour-deposition techniques are built up 
essentially atom by atom. Thus, the potential of preparing materials o f nearly theoretical
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density is inherent in the process, i f  the crystal morphology can be controlled (Powell et 
al, 1966).
State-of-the-art C V D  systems allow control over the morphology o f the deposit. By  
modifying the deposition conditions, morphologies ranging from epitaxial to 
polycrystalline to amoiphous are easily achieved. A t low temperatures and high reactant 
gas supersaturations, surface coverage is high and the adsorbed species have a low  
degree o f surface mobility. The deposition reaction occurs essentially at the site where 
adsorption occurred, resulting in an amorphous structure. M oving away from the region 
of low temperature and high supersaturation, the crystallinity o f the deposit increases. I f  
some small degree of surface mobility is allowed, a fine-grained structure results. As 
mobility increases, the grains become larger, resulting in a coarse-grained deposit. 
Further increase in mobility allow the energetics of kink, ledge, and step sites to 
dominate, resulting in a dendritic structure. Finally, approaching the region of high 
temperature and low supersaturation, pseudo-epitaxial growth (i.e. platelets) and 
ultimately epitaxial growth are seen. A t high temperatures and low supersaturations, 
surface coverage is low and mobility is high. The adsorbed species can therefore find 
the lowest energy site for reaction, the result o f which is epitaxial coating growth 
(Ultramet, 2000).
Furthermore, molecular forming processes like C V D  have in common the potential of 
yielding deposits of controlled density, thickness, orientation, composition, or more 
generally controlled properties (Powell et al, 1966).
5.5.6 Brush Electroplating
7. Electroplating
Electroplating is the deposition of a metallic coating onto an object by putting a 
negative charge onto the object and immersing it into a solution which contains a salt o f 
the metal to be deposited. The metallic ions o f the salt carry a positive charge and are 
attracted to the substrate. When they reach it, the negatively charged substrate provides 
the electrons to reduce the positively charged ions to metallic form (Figure 5.21) 
(Finishing, 2000).
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Figure 5.21: Electroplating (Finishing, 2000)
2. Brush Plating
This process is known as selective or "brush plating”. The plating tool consists of an 
insulated handle on which an anode, usually made from graphite, is molded. The anode 
is covered with an absorbent material which holds the solution. Tw o electrical leads 
connect from the terminals o f a D .C . rectifier to the plating tool and part. When tool and 
part make contact, the circuit is closed. As the current flows, metal ions from the 
solution are deposited onto the part forming a molecular bond. The plate applied has all 
the characteristics provided by immersion plating, but can be selectively applied. It is 
used for both repairs and plating on substrates too large for standard tank immersion 
(Brudac, 1998).
Some of the primary advantages o f brush plating are, that it is possible to plate parts too 
big for plating tanks, using a portable unit, which also reduces downtime and production 
delays, since it does not necessarily require the disassembly of a unit. In addition to the 
already stated effects o f these treatments, there are additional advantages, like an 
improved corrosion protection, and improved wear resistance.
5.5.7 Modification of Surface Roughness
In order to investigate the influence of surface roughness on fouling, technologies had 
to be applied to obtain surface roughnesses that differ from the untreated stainless steel 
plates. Therefore, electropolishing was used to produce smooth surface conditions and 
pickling was applied to obtain a rougher surface finish than the untreated heat
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exchanger plates. Deutsche Derustit Gm bH, Dietzenbach, Germany treated the plates, 
using their patented electrolytes and technologies.
5.5.7.1 Electropolishing
The basic principle o f the electropolishing process of metal surfaces can be described as 
a process where the metal surface is immersed in an electrolytic solution, and is acting 
as an anode. The metallic surface (anode) is surrounded with cathodes, and direct 
current (D C ) is applied to this set-up. Suitable process parameters (composition of the 
electrolytic solution, current, temperature and treatment time) have to be chosen in 
order to achieve erosion o f material. This erosion process occurs preferentially at the 
peaks and burrs o f the surface profile, as can be seen in Figure 5.22 (Deutsche Derustit 
Gm bH, 1998). In Figure 5.22, a measured roughness profile before and after 
electropolishing is shown. The chemicals used for the electropolishing process consist 
of highly concentrated acids like perchlorid acid, sulphuric acid, orthophosphoric acid, 
acetic anhydride, citric acid and chromic acid (Fedot’ev, Grilikhes, 1959). The acids can 
be mixed with water, glycerine, ethyl alcohol and glucose. The above authors give 
typical values for the anodic current density ranging from 540 up to 10,700 A /m 2, for 
electrolyte temperatures from 20 to 140 °C and for treatment times from 0.1 to 30 
minutes.
RR 0 46 MM fw 0 23 Ml
RZ *4 03 PM RZ 1.36 PH
RMfW 5.20 PM RJWX 1.63 PH
VER 5 WM VCR 3 Wl
HOR LC .80 1W HOR LC .80 MM
untreated electropolished
Figure 5.22: Surface smoothing using electropolishing (Deutsche Derustit GmbH,
1998)
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5.5.7.2 Pickling
The pickling process is used in industry for the removal o f scale, rust and oxide films 
from metal surfaces, and for some other specialised purposes. Pickling treatments can 
be divided into chemical and electrolytic processes (Fedot’ev, Grilikhes, 1959).
The heat exchanger plates for the investigation in this work have been treated using a 
chemical pickling process. One has to distinguish between pickling processes for 
cleaning applications and piclding processes for erosion o f material (Deutsche Derustit 
Gm bH, 1998). In case of the latter one, material layers of 3 to 5 p,m and up to 10 [tm in 
special cases can be removed from the surface.
The chemicals used for the pickling processes consist o f nitric acid and hydrogen 
fluoride mixtures or hydrogen fluoride and hydrogen peroxide solutions. They should 
be free from chloride and hydrochloric acid to avoid corrosion effects.
Chemical pickling can be applied in two ways; pickling with pickling solutions using an 
immersion bath or a sprinkler system and pickling with highly viscous piclding pastes. 
As in case o f the electropolishing process, pickling can be applied to metal parts of any 
shape. The metal surface is treated evenly and none of the surface regions is preferred 
during the treatment process.
5.5.8 Surface Properties and Fouling -  Present Knowledge
Deposition and adhesion o f deposit onto a surface depend on the surface properties. For 
this reason several studies have been carried out to investigate the influence of surface 
properties on fouling and paraffin deposition with the purpose to develop a surface that 
reduces or completely prevents deposition.
Material Effects, Wettability, and Free Surface Energy
Obviously, the surface material is very important for corrosion fouling, and since the 
heat transfer surface may act as a catalyst, it might be important in chemical reaction 
fouling as well.
As reported by Dyckerhoff (1972), wetting characteristics have a significant impact on 
adhesion. Therefore, surface energies are not only relevant for the crystallisation 
process (see Chapter 3.1) but also for the deposition and removal process o f wax 
particles during the initiation stage o f fouling.
lessen and Howell (1958) found that the rate o f accumulation o f paraffin on plastic 
pipes seems related to the degree o f wettability by the crude oil. They have found that 
plastic pipe or plastic lined pipe substantially lower the rate o f paraffin deposition in 
comparison to steel or aluminium pipes.
A  newer approach to reach fouling reduction is the modification o f stainless steel 
surfaces with the puipose to lower their surface energy as described in Chapter 5.5. The 
successful performance of modified heater rod surfaces in pool boiling and subcooled 
flow boiling has already been demonstrated by Muller-Steinhagen and Zhao (1997,
1999) and in single phase flow  by Zettler et al. (1999). The stainless steel surfaces were 
treated using ion implantation, ion sputtering and coating technologies. It  could be 
shown that due to the lower surface free energy, the amount o f deposited salt crystals 
(C aS 04 and C a C 0 3) onto the heater rod and plate surfaces was reduced significantly as 
compared to results obtained with untreated stainless steel surfaces.
Cole and lessen (1960) concluded from their study that paraffin wax is held in place by 
adsoiption forces after it is deposited on a surface. The adsorption forces depend upon 
the free surface energy o f both the paraffin and the surface. So a decrease in free surface 
energy o f the plate results in a reduction o f the adsorption forces holding the paraffin to 
the plate surface. This causes a decrease in the amount o f paraffin deposited (Figure 
5.16). A  high contact angle is related to a low surface energy.
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Figure 5.16: Wax deposited vs contact angles for different temperature differentials 
(the higher the contact angle the lower the surface energy) (Cole and Jessen, 1960)
Surface Roughness
Tw o different time intervals have to be considered with respect to the influence of 
surface roughness on fouling. A t the beginning, when the first deposits are laid down 
onto the heat transfer surface, the effective roughness can only be that o f the heat 
transfer surface itself. A t a later stage o f the fouling process, when a deposit layer has 
already been formed, it can not be the roughness of the heat transfer surface itself, 
which affects the accumulation o f new deposits, but the outer surface o f the deposited 
layer. In this stage o f a fouling process, the roughness of the original surface may only 
be important for holding the deposit layer onto the surface.
The effect of the surface roughness on the initiation or induction period is ambiguous. A  
higher roughness o f the heat exchanger surface increases the level o f turbulence. This 
enhances the heat transfer due to the reduction of the viscous sublayer. On the other 
hand, an increased surface roughness enhances the mass transport as well as providing 
nucleation sites for a crystallisation process to start.
Budair et al. (1998) observed in their work on CaC0 3  scaling in A IS I 316 stainless steel 
tubes that tube surface roughness has a profound influence on the induction period of a 
fouling process. They performed experiments with tubes o f three different inner
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diameters; 0.00635 m  (1/4 inch), 0.00952 m  (3/8 inch) and 0.0127 m (1/2 inch). The 3/8 
inch and 1/2 inch test section had a average surface roughness o f 2.54 \xm and the 1/4 
inch test section showed a surface roughness o f 1.524 pm. In case o f the 1/4 inch test 
section, an induction time of 1.0 h ±  7.5 min was observed, but in case o f the other two 
test sections, the induction period decreased to 0.75 h ±  7.5 min. The authors suspected 
this difference in induction time to be due to the different surface roughness o f the test 
sections.
A  study by Hunt (1962) suggests that wax does not adhere to the pipe wall but is held in 
place by surface roughness and/or irregularities. As a wax particle attaches on the pipe 
wall and grows into the oil stream, the force tending to move it out o f the tubing would 
increase. The smoother the surface, the more easily the embryonic deposit would be 
removed from  the surface. From the tests it was concluded that wax does not adhere to 
steel but that deposits, which form on steel surfaces, are held in place by surface 
roughness. Furthermore, the investigation o f plastic coatings showed that plastic pipe 
coatings inhibit paraffin deposition due to their smooth surface and not to their chemical 
nature since roughened plastic surfaces held deposits firm ly in place.
Jorda (1966) also found that paraffin deposition on metallic or non-paraffinic surfaces at 
a given temperature is governed by surface roughness (Figure 5.17 and Figure 5.18). 
The amount, hardness, adhesion, per cent wax and mean molecular weight o f the 
deposits increase as the surface roughness increases.
However, similar studies performed by Patton and Casad (1970) observed no 
correlation between surface roughness and deposit weight. Furthermore they found that 
wax composition determined whether or not the deposit remained on a given surface. 
Predominantly normal paraffin waxes of lower molecular weight formed deposits that 
slid o ff smooth steel or plastic coated surfaces. A  higher molecular wax containing 
more microcrystalline material formed deposits that did not slide or flake o ff either 
smooth or roughened steel or plastic coated surfaces.
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Figure 5.17: Weights o f  paraffin deposited on polished, sand-blasted, mill-scaled, 
corroded and rough-ground steel as a function o f deposition surface temperature 
(roughness factors in brackets) (Jorda, 1966)
(CLOUD POINT TEMPERATURE « 3 0 * C )
Figure 5.18: Weights o f paraffin deposited on mill-scaled steel, smooth phenol- 
formaldehyde coating and sandblasted phenol-formaldehyde coating as a function of  
deposition surface temperature (Jorda, 1966).
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Studies during the Wax Attack (1999) programme which have investigated the 
nucleation behaviour on steel surfaces show that n-alkanes and waxes from crude oil do 
not preferentially nucleate on steel surfaces neither do they have a great affinity for 
metal surfaces at all. W ax nucleation and growth was observed to occur close to but not 
at the steel surface, where the fluid temperature has cooled below the nucleation 
temperature. Where n-alkanes adhered to steel surfaces it was on surface abrasions or 
foreign bodies. W ax deposits from real pipelines adhered to steel surfaces, which may 
be severely abraded and covered with corrosion products. In general wax crystals tend 
to nucleate and grow from surface defects like scratches or grow particles that stick to 
the surface, where they can get a foothold in a flowing environment.
Particle Surface Interactions
The third aspect o f the influence o f surface properties is the physical chemistry effect of 
the heat exchanger surface, which means the interactions between the deposited 
particles and the surface material.
The principal interaction forces determining hetero-coagulation include a Lifshitz-van 
der Waals (L W ) interaction component, an electrostatic double-layer component (E L), a 
Lewis acid-base component (A B ), and a component related to Brownian motion (Br). In 
terms o f energies, the total interaction energy A G '0' between a deposit and a metal 
surface can be written as the sum of these interaction terms,
A G '0' = A G lw + A G el + A G ab + A G Br < 0 .  (5.25)
Therefore, the balance between all possible interactions determines whether a system 
w ill foul or not, i.e. adhesion/fouling w ill take place when A G '0' <  0 (Visser, 1998).
In order to describe the principal interaction forces between colloid particles, (i.e. 
particles smaller than 1 pm ) and surfaces, idealised models have to be created (Visser, 
1988). For the interaction between a sphere o f radius R and a flat surface, the interaction 
energy resulting from van der Waals forces is given in Equation 5.26, where H  is the 
distance of separation and A is the Hamaker constant, which can be calculated from the 
molecular properties of the materials involved,
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A G lw = - ^ 3 .
6 H
(5.26)
I f  two different materials (e.g. foulant 1, heat transfer surface 2) are immersed in a 
medium 3 (e.g.water), the overall Hamaker constant is given by
where Au, (i =  1,2,3) is the Hamaker constant for the interaction o f two bodies of the 
same material i in vacuum.
Solid materials immersed in an aqueous medium generally attain a surface charge. The 
charge arises due to the adsorption o f specific ions present in the medium or the 
dissociation o f molecules or groups on the surface of the solid (Bott, 1995).
The charge may be demonstrated by imposing an electric field on a suspended colloid 
when the anode and cathode attract negatively and positively charged particles 
respectively. It  is possible to measure the so-called Zeta-potential o f such a system by 
balancing the surface charge o f the particle o f investigation with a counter charge of 
ions of opposite sign in order to make the system electrostatically neutral.
The redistribution of ions or charged particles, brought about by the immersion o f a 
charged surface in an aqueous environment w ill involve particles o f similar charge (co­
ions) being repelled from the surface while those of opposite charge (counter-ions) w ill 
be attracted to the surface. The overall effect, i.e. a combination o f the distribution of 
charged particles and Brownian motion, is the so-called Poisson-Boltzmann distribution 
of the ions (or particles) throughout the water phase. A  diffuse layer is produced, which 
together with the charged solid surface is called the electrostatic double layer. Figure 
5.15 shows a simplified sketch o f the situation that applies to a spherical particle 
immersed in water.
Independently, Derjaguin and Landau (1941) and Verw ey and Overbeek (1948) 
developed a theory, usually referred to as the D V L O  theory, to explain the complex
(5.27)
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interactions when electrostatic double layer systems are in contact. On the basis of this 
theory, Visser (1998) gives an equation to calculate the corresponding electrostatic 
double layer interaction term, AG EL , for the sphere(J-plate(p) geometry at low surface 
potentials as a function o f separation distance under the condition o f constant potential,
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Figure 5.15: Simplified sketch o f an electrostatic double layer and a solid spherical 
particle (Bott, 1995)
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6 Mitigation of Wax Deposition with Modified Surfaces
W axy crude oils create a variety o f problems in their transportation through pipelines in 
deep water environments. One major problem observed is the deposition o f paraffin in 
the pipeline during flow. The most serious effect o f these pipeline deposits is an 
increase in pressure drop and consequent reduction in the throughput o f the lines. 
Where severe paraffin deposition occurs, removal of the deposits by mechanical, 
thermal or other means is required, resulting in costly downtime and increased operating 
costs. Since paraffin deposition causes losses o f billions of dollars yearly new strategies 
for prevention and mitigation are o f great interest to the oil industry.
Various methods of deposit removal and prevention already exist. The two most 
common procedures for internal maintenance are chemical treatment using inhibitors 
and mechanical cleaning using so called pigs. Deposition and adhesion of deposit onto a 
surface are supposed to depend on surface properties like surface free energy, surface 
roughness and surface topography. The assumption is made that a decrease in surface 
free energy and roughness and a regular surface topography should reduce paraffin 
deposition. As reported by Dyckerhoff (1972), wetting characteristics have a significant 
impact on adhesion. Therefore, surface energies are not only relevant for the 
crystallisation o f wax particles, but also for the deposition and removal process of wax 
during the initiation stage o f fouling. In  general, the lower the surface free energy o f a 
solid, the weaker is the adhesion o f deposit on it (Zhao, Miiller-Steinhagen, 1999). Hunt 
(1962) studied the effect o f surface roughness on paraffin deposition and concluded that 
the deposits do not adhere to the metals themselves but are held in place by surface 
roughness. It  is the purpose of this work to find out the influence o f these surface 
properties on wax deposition.
In the present work, the influence o f the above mentioned surface properties on paraffin 
deposition has been investigated with the purpose to find surfaces that reduce or 
completely prevent deposition. For this purpose tests with a variety o f treated stainless 
steel cold fingers were earned out. In  order to reduce surface free energy they have been
modified using different surface treatment technologies, namely ion beam implantation, 
magnetron sputtering, carbo-nitriding and N I-P -P T F E  coating.
The experimental set-up for the investigation o f wax deposition on modified surfaces 
has been designed and built at the University o f Surrey especially for the purpose o f this 
study. A fter having done some initial tests with a so called ‘cold finger’ test facility, 
also built for this study, it became obvious that tests under dynamic conditions have to 
be performed to obtain reasonable results. Therefore, a test rig with two separate closed 
flow  circuits, for the cooling water on one side, and the waxy solution on the other side, 
and three separate test sections, has been built. W ith  this set-up it was possible to 
compare the performance o f two treated test sections directly with one untreated one, 
and therefore being independent from test variables of each individual test.
W ithin the same project it seemed reasonable and useful to test the treated surfaces for 
their resistance to corrosion. The experimental set-up used for the corrosion tests was 
supplied, designed and built in co-operation with BP. The results o f this study and the 
description o f the corrosion test rig can be found in Appendix A  ‘M itigation of 
Corrosion in O il &  Gas Industry’ .
6.1 Test Rig for Wax Deposition
Preliminary tests on the influence o f modified surfaces on paraffin deposition have been 
undertaken with the purpose to find surfaces that reduce or completely prevent 
deposition. For this puipose cold finger tests with a variation o f treated stainless steel 
cold fingers were carried out. In addition, the effect o f different wax concentrations and 
deposition inhibitors with different surface treatments has been investigated using cold 
finger tests (Jahrig, 2001). In general the results o f these cold finger tests were not 
conclusive and it was realised that further investigation was needed. In addition, these 
results were just indicative as they did not represent the hydrodynamic conditions which 
exist in real pipelines. For that reason a new set o f modified pipe surfaces has been 
prepared and tested under flow conditions. Therefore the test facility described in the 
following chapter has been designed and built.
     Mitigation o f Wax Deposition with Modified Surfaces
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6.1.1 Test Rig for Dynamic Flow Conditions
A  test rig for the investigation of the influences o f surface properties, temperature and 
flow velocity on wax build-up in a dynamic system was developed and built in the 
Department for Chemical and Process Engineering at the University of Surrey, 
Guildford, U K . A  photograph of the test rig is shown in Figure 6.1:
Figure 6.1: Picture o f the test rig
- 107-
Mitigation o f Wax Deposition with Modified Surfaces
cooling * 
water ____ ,
cooling
water
tank
 cooling water
 wax solution
- 0  thermocouple
rotameter
samples
+
solution
drain
r ®
Figure 6.2: Flow chart o f  the test rig
Figure 6.2 shows a flow  chart o f the experimental set-up. W ax solution with a wax 
concentration o f 5% by weight was used as the process flu id in the test sections and 
water was used as cooling medium. The wax solution was kept in a closed flow  loop 
whereas the cooling water was used in an open bath operation. A ll piping was made of 
stainless steel. Stainless steel Swagelok tube fittings were used to ensure easy assembly 
and disassembly o f any part o f the experimental set-up. P V C  tubing was used for the 
connection o f the cooling water tank to the test rig.
The wax solution was stored in a 40-litres stainless steel tank. The temperature of the 
solution in the tank was regulated by a heating coil, which was controlled by a heating 
unit (Haake, Series K ). Furthermore, the tank was fitted with a stirrer, which was driven 
by compressed air. A  three-way-valve at the bottom of the tank assured easy access to 
the wax solution to take samples and to drain the solution flow  loop. The wax solution 
was fed from the tank to the three test sections via a centrifugal pump (Brook 
Crompton, Huddersfield, England) and a manifold. The pump was regulated by a
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controller (Eurotherm Drives Ltd., Worthing, England), which was connected via a 
relay to a K-type thermocouple T 7 in the tank to cut out the power at temperatures 
higher than 50°C  for safety reasons. Each cooling water
flow  rate for the wax solution in the test 
section was measured by a rotameter (Platon,
Basingstoke, England) and controlled by a 
quarter inch needle valve.
Figure 6.3 shows a drawing o f a test section, 
which was basically a double pipe heat 
exchanger. Cooling water was flowing in the 
inner pipe and wax solution on the shell side.
Solution and cooling water were arranged in 
co-current flow. A  test section consisted o f 
an inner pipe, an outer glass cylinder, two 
Swagelolc Reducing Union Tees and two 
Swagelok Reducers. To investigate the 
fouling behaviour on pipes with different 
coatings or surface properties, it was possible 
to take out the whole test section from the 
test rig. Then, the test section could be 
disassembled and the inner (coated) pipe 
could be exchanged. Inner pipe and wax 
solution inlet and outlet had a diameter o f 0.5 
inch whereby the inner diameter o f the glass 
cylinder was 1 inch. The 100-mm long glass cylinder ensured visual observation o f the 
fouling layer on the inner pipe at any time.
The temperatures of the wax solution at the inlet and outlet o f each test section were 
measured by K-type thermocouples T-i, T 3 and T 5 in front o f the test section and T 2, T 4 
and T 6 behind it (refer to Figure 6.2).
Inlet
Figure 6.3: Drawing o f  test section
Cooling water was stored in an open 20-litres PVC-tank where it was cooled by a 
chilling unit (Conair Churchill, England). The water was fed from the tank to the three
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test sections via a centrifugal pump and a manifold. The cooling water inlet and outlet 
temperatures were measured by thermocouples Tg and T 9 respectively. It  was fed to the 
test sections via a pump and a manifold. Each flow  rate was controlled by a 0.25 inch 
needle valve and a rotameter.
Throughout the investigation o f wax deposition on modified surfaces the test results 
have only been examined visually. To be able to compare the individual treatments, and 
being able to judge their effects on deposition, there was always one untreated stainless 
steel test tube mounted for each individual test. In  addition to the visual examination, 
the weight o f the wax left on the tubes after an experiment was measured.
6.1.2 Preparation of Wax Solution
The wax solution consisted o f 90%  by weight of n-decane, 5% by weight o f 58/60-wax 
and 5% by weight o f toluene. To prevent wax deposition on the cold equipment during 
the preparation and the pouring, about 10 litres o f pure n-decane were filled into the 
solution tank and heated to 35 °C. Therefore, no wax could deposit on the inner surface 
of the tank during the filling process. Then, a concentrated wax solution was prepared 
by pouring n-decane and toluene into a conical beaker, heating it to approximately 40  
°C  and stirring with a magnetic stirrer. To facilitate dissolving, solid wax was first 
grated, then weighed and added to the solution. After stirring and heating for another 20 
minutes, there were no wax particles visible any more and the whole amount o f wax had 
dissolved. Then, this concentrated solution was filled into the tank o f the test rig via a 
funnel. To rinse possible remaining wax solution in the funnel, warm n-decane was 
poured into the tank. The procedure was repeated five times to get the desired amount 
of wax solution. Finally, the set temperature o f the tank was reduced to 30 °C  and the 
stirrer was switched on. The final concentration of both wax and toluene in the tank was 
5% by weight each.
6.1.3 Start Up Procedure
The first step before starting an experiment was weighing each treated pipe. Then, the 
test sections were assembled and installed. It was made sure that they were leak-proof. 
I f  the concentration of the wax solution was below 4.90%  by weight o f wax as a result
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of previous tests, the amount o f wax in the tank was topped up by adding concentrated 
wax solution. Then, each valve of the wax solution loop was opened and the pump for 
the wax solution was turned on for ten minutes to dissolve any deposited wax in the
solution loop. Thereafter, the tank temperature was set to the desired value for the
experiment. The compressed air supply for the stirrer was set to one bar and all valves 
for the cooling water were fu lly  opened. To remove any air in the cooling water loop, 
the pump was activated for a few minutes. Then, the flow rate for the cooling water was 
set to five litres per minute for all the test sections, and the cooling water pump was 
switched off. A fter that, the chilling units were switched on and set to 10 °C  to cool the 
PVC-tank.
When the temperatures o f the cooling water and o f the wax solution had reached the set 
temperature, the flow  rate for each test section was turned to the desired value by 
changing the setting on the pump or adjusting the valves. Then, the pump for the
cooling water was switched on. A fter about two minutes, the test section inlet
temperatures o f the cooling water had reached the same value as the temperature o f the 
cooling water tank and the data acquisition was started. First pictures o f the test section 
were taken.
6.1.4 Shut Down Procedure
A t the end o f every experiment, the data acquisition was stopped and the shut down 
time noted. Then both, solution and cooling water pump were switched off, as well as 
the chilling units. The wax solution temperature was set back to 30 °C  to assure that 
there was no unintentional wax deposition in the tank. A fter letting the wax solution and 
the cooling water drain from the test sections, all test sections were disassembled for 
further investigations o f the wax deposits.
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6.2 Experimental Results and Discussion of Mitigation of Wax 
Deposition in Oil & Gas Industry
6.2.1 Surface Properties
Figure 6.4 shows the results of the roughness measurements for the different samples. 
The exact values are given in Appendix A . Some values were taken from the work of 
Jahrig (2000).
Stainless Steel 
Electropolished 
Sanded across Flow 
Sandblasted 50 PSI 
Sandblasted 100 PSI 
Ti02 
Mo
Zr02 - Y203 
AI203 
Ni90 AI10 
PTFE 
PFA 
PTFCE 
PE 
Nylon 
PPS 
EK-38 
EK-19 
Du-101 
Du-103 
Pk-20 
Pk-46 
Ni-W 
Alkali Cu 
Special Cu 
35% Ni-P-PTFE 
18% Ni-P-PTFE
0 1  2 3 4 5 6 7 8 9  10 11
Ra [pm]
Figure 6.4: Arithmetic average surface roughness, Ra, o f investigated tubes
As can be seen, the roughness measurement for the untreated stainless steel tube 
resulted in an arithmetic average roughness of 0.67 pm. Exceptionally high roughnesses 
were shown by the molybdenum sputtered tube and the tube having a N i-A l-layer
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(about 15 times the value o f the stainless steel tube). Sandblasted surfaces as well as the 
Zr0 2-Y 20 3  and the A I2O 3 layers, also showed high values for Ra.
As expected, the electropolished tube had the lowest surface roughness. The copper 
electroplated tubes (A lkali Cu and Special Cu) as well as the N i-P -P TFE  coatings 
showed slightly higher but still relatively low values for Ra (below 0.30 pm). W hilst the 
Pk-46 coating had a relatively high average roughness (2.5 pm ), the value for the Pk-20 
coating was just about half of the value for the stainless steel tube. For the ion- 
implanted tubes, pictures using atomic force microscopy were made and then analysed. 
The calculated values for the quadratic average roughness, Rq, are shown in the diagram 
below:
Stainless Steel 
SiF+
F+
Si+
H+
N+
0 0,05 0,1 0,15 0,2 0,25
Rq [nm]
Figure 6.5: Surface roughness, Rq, o f ion implanted tubes and untreated stainless steal
Obviously, the values for the ion-implanted tubes are not varying very much from each 
other, except for the SiF* tube. This was expected since the ion implantation process 
should only have little effect on surface roughness.
In Table 6.1, the results o f the contact angle measurements can be seen. The values for 
some samples were taken from the work of Jahrig (2000), which were measured as 
described in Chapter 5.2.
]
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Surface
Treatment
Contact Angles [°]
Water/Air EthyleneGlycol/Air
Benzyl
Alcohol/Air
Water/
n-Hexane
Water/ 11- 
Hexadecane
Stainless Steel 79.2 65.3 72.6
Ti02 40.1 30.4 20.3
Mo 41.1 35.8 29.5
Z1O2-Y2O3 88.5 80.1 73.1
AI2O3 67.9 49.3 36.9
Ni90 ALIO 38.5 27.9 2 0 . 1
PTFE 95.7 82.4 78.5
PFA 113.3 74.5 60.6
PTFCE 106.0 74.9 78.2
PE 97.9 85.6 73.9
Nylon 106.1 83.5 6 6 . 0
PPS 92.7 80.3 69.2
EK-38 96.8 80.1 62.3
EK-19 95.2 82.9 71.9
Du-101 89.7 68.9 46.2
Du-103 87.2 67.6 47.3
Pk-20 83.9 65.8 48.2
Pk-46 80.4 64.9 50.8
Ni-W 43.6 33.1 2 2 . 8
Alkali Cu 45.9 35.9 28.6
Special Cu 48.7 39.4 30.8
35% Ni-P-PTFE 79.2 56.1 55.3
18% Ni-P-PTFE 79.0 63.3 58.9
N+ 69.7 72.3 42.5
H+ 86.7 70.4 30.5
Si+ 87.5 61.4 46.8
F* 85.9 73.9 34.7
SiF+ 83.3 82.2 39.2
Table 6.1: Measured contact angles
The surface energies o f the treated tubes in Table 6.2 were calculated from the contact 
angles in Table 6.1 using the Owens, Wendt, Rabel &  Kaelble method (refer to Chapter 
5.2.1).
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Surface Surface Energy [mJ/m2]
overall disperse polar
Stainless Steel 87.70 64.40 23.30
Ti02 60.31 25.61 34.70
Mo 58.87 17.32 41.55
Zr02-Y203 35.56 20.80 14.76
AI2O3 33.28 28.50 4.78
Ni90 AL10 50.32 27.54 22.78
PTFE 15.21 7.90 7.31
PFA 42.01 40.34 1.67
PTFCE 18.26 17.21 1.05
PE 33.55 30.75 2.80
Nylon 24.09 24.04 0.05
PPS 38.45 36.82 1.63
EK-38 28.75 27.98 0.77
EK-19 30.55 26.76 3.79
Surface Surface Energy [mJ/m2]
overall disperse polar
Du-101 22.75 21.16 1.59
Du-103 23.98 22.35 1.63
Pk-20 27.95 24.61 3.34
Pk-46 29.87 26.46 3.41
Ni-W 55.56 8.06 47.50
Alkali Cu 47.52 44.35 3.17
Special Cu 45.36 42.75 2.61
35% Ni-P-PTFE 27.08 14.18 12.89
18% Ni-P-PTFE 25.80 10.71 15.10
N+ 25.80 17.10 8.70
H+ 33.50 32.00 1.50
Si* 29.12 25.83 3.29
F+ 30.00 27.60 2.40
SiF* 24.70 19.80 4.90
Table 6.2: Calculated components o f surface energies
As expected, the untreated stainless steel tube showed the highest surface energy 
(overall 87.70 mJ/m2), having a relatively high polar part o f 23.30 mJ/m2. The  
molybdenum and titanium oxide sputtered tubes, the nickel-wolfram  electroplated 
sample and the nickel-aluminium surface had relatively high surface energies compared 
to the other coatings (between 50.32 and 60.31 mJ/m2). Especially their very high polar 
part attracted attention being up to 85% of the total surface energy. The copper 
electroplated tubes showed values o f about 45 mJ/m2. Their polar contribution to the 
total surface energy could be neglected as well as for the commercial coatings EK , Du  
and Pk. They possessed relatively low surface energies ranging from 22.75 to 30.55 
mJ/m2.
The lowest surface energies (below 20 mJ/m2) were shown by the PTFC E and PTFE  
coatings. The nylon coating had a relatively low energy as well. In contrast to that, the 
PFA, PE and PPS samples possessed higher values for the total surface energy. A ll of 
these C V D  coatings had a negligible polar part, except for the PTFE  treatment, which 
exposed a polar component o f almost half o f the total surface energy. The results for the
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N i-P -PTFE  coatings were quite similar. Both had a total surface energy o f about 26 
mJ/m2 and a relatively high value for the polar part (about half o f the total surface 
energy).
The F4, Si+, SiF4 and H 4 implanted surfaces showed low surface energies between 24.82 
and 33.55 mJ/m2 with very low polar contributions, whereas the polar part o f the N + 
implanted sample was about a third o f the total value.
Figure 6.6  shows the results of the calculated surface energies as a diagram:
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Figure 6.6: Disperse and polar parts o f the surface energies
6.2.2 Cold Finger Tests
In preliminary work (Jahrig, 2001), the influence of the above mentioned surface 
properties on paraffin deposition has been investigated with the purpose to identify 
surfaces that reduce or completely prevent deposition. For this purpose cold finger tests 
with eleven stainless steel cold fingers were carried out. In order to reduce surface free
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energy one section of each stainless steel cold finger had been modified using different 
surface treatment technologies, namely ion beam implantation, magnetron sputtering, 
carbo-nitriding and N I-P -P T F E  coating. The other section o f the cold fingers remained 
untreated in order to compare both parts with each other after each experimental run. In  
addition, the effect o f different wax concentrations and deposition inhibitors in 
combination with different surface treatments has been investigated.
Three different wax concentrations (1% , 2%  and 3% ) and two inhibitors (Inhibitor A  
and Inhibitor B ) provided by BP were used. Three runs were made with different wax 
concentrations and without inhibitors. Tw o further runs were made with inhibitors and a 
constant wax concentration o f 3%.
The amount o f deposited wax observed in the fouling experiments with 2%  wax 
concentration was used to evaluate the fouling behaviour o f the modified cold fingers. 
The runs with 2%  wax concentration were chosen since they cover every treatment and 
show the most interesting effects. The results obtained were compared with the 
untreated stainless steel part o f the U-fingers. Unfortunately the untreated parts of the 
cold fingers did not show uniform fouling although the process parameters were the 
same for all cold fingers. Therefore comparisons between the fouling behaviour o f the 
treatments and the untreated parts and particularly comparisons between the treatments 
became questionable.
Implantation o f F +, Si+ and SiF+ ions did not reduce deposition in comparison to the 
untreated parts of each cold finger. In every case treated surfaces fouled more heavily 
than the untreated parts. Compared to the other treatments the Si+ and F+ implanted cold 
fingers belong to the less fouled and the SiF+ implanted to the heavier fouled group. 
This behaviour might be due to surface roughness. Si+ has the lowest surface roughness 
and SiF+ has the highest whilst F + lies between them. The surface energies o f the ion 
implanted cold fingers are all below 30 mJ/m2 with negligible polar parts. So it seems to 
be obvious that SiF+ shows the heaviest fouling.
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Sputtering in some cases led to a fouling reduction in comparison to the untreated parts, 
in other cases to increased fouling. Sputtering with Ci’2 0 3 and N iT /Z rC rN /N iS iP  had a 
significant effect on fouling reduction whereas sputtering with N iN /Z rC r only led to a 
slight reduction. Sputtering with A I2O 3, D L C  and T i/D L C /N i/P  led to increased fouling 
whereas D L C  shows the most drastic effect. In absolute terms, the D L C  treatment was 
most heavily fouled followed by T i/D L C /N i/P , N iT /Z rC rN /N iS iP , A I2O 3, C r20 3 and 
N iN /Z rC r which showed no fouling at all. It  is difficult to give an explanation for these 
results since surface free energy and roughness values are just available for the D L C  
treatment. Since the surface free energy o f the D L C  sputtered surfaces was almost as 
low as in case of ion implanted surfaces, the thick deposit for this treatment might be 
due to the high polar contribution (16.98 mJ/m2) o f the total surface free energy. The 
surface roughness ranges with 0.285 pm somewhere in the middle and thus might not 
explain the observed fouling behaviour.
Carbo-Nitriding reduced fouling significantly compared to the untreated part. In  
absolute terms it belongs to the less fouled treatments. That could be due to a negligible 
polar component o f the surface free energy and a rather low roughness (0.263 pm). 
However, the total surface free energy is with 39.07 mJ/m2 the highest o f all treatments.
The N I-P -P T F E  treated U -finger was completely coated so it was not possible to 
compare the deposit with an untreated part. However, just one part o f the cold finger 
was fouled, the other part was completely clean. An explanation might be the failure to 
treat both parts exactly in the same way so that in fact they were coated slightly 
different. The heaviness o f fouling compared to the other treatments was not extremely 
high but it belongs to the more fouled treatments. That does not really seem to correlate 
with the high polar part o f surface free energy (18.52 mJ/m2) and the rather high 
roughness (0.45 pm). However, the total surface free energy is with 28.82 mJ/m2 not 
that high compared to the other treatments.
Tw o other questions investigated were the influence o f different wax concentrations and 
deposition inhibitors. The results show clearly that increased wax concentration leads to 
increased fouling. The application of inhibitors reduced fouling greatly, with
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proprietary Inhibitor B being much more effective than Inhibitor A , as it suppressed 
fouling almost completely. For confidentiality reasons, no more details about the 
inhibitors can be revealed.
The stickiness o f wax deposits was observed to depend on the thickness o f the deposit 
only. A  thin deposit layer was more difficult to remove than a thick one that could be 
scratched o ff easily. Surface treatments and inhibitors did not seem to have any 
influence on the stickiness.
The results o f the cold finger tests do not show a conclusive correlation between surface 
free energy and fouling behaviour, but the general tendency that reduced surface free 
energy and a smoother surface lead to less deposit formation could be suggested. 
Deposit reduction was also observed for higher surface energies with a negligible polar 
contribution. This leads to the assumption that the polar contribution o f surface energy 
might also have an effect on wax deposition. The influence o f different wax 
concentrations and deposition inhibitors could be shown clearly. The results show that 
increased wax concentration leads to increased fouling and the application o f inhibitors 
reduced fouling significantly.
Since the results o f the cold finger tests were not satisfying further investigation was 
needed. In addition, they were just indicative as they did not represent the 
hydrodynamic conditions which exist in real pipelines. For this reason a new set of 
modified surfaces was produced for tests under flow  conditions (see chapter 6.2.3). For 
the purpose of surface energy and roughness measurements each o f the new surfaces 
was prepared together with a small sample which had the same surface treatment. Thus, 
it was possible to investigate the properties o f the new surfaces in advance and to draw 
conclusions about their influence on paraffin deposition.
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6.2.3 Tests under Flow Conditions
6.2.3.1 Record of Experiments
The experiments were carried out according to the procedure described in Chapter 6.1. 
They can be divided into three groups:
■ Effect o f different wax solution velocities on wax deposition
■ Effect o f surface roughness
■ Effect o f surface energy
The wax concentration was held constant for all experiments at 5 weight-%, and set 
points for both, cooling water and wax solution were at 10°C and 25°C , respectively.
6.2.3.2 Effect of Solution Flow Rate on Wax Deposition
Before starting experiments with tubes having low surface energies or having an altered 
surface roughness, tests with untreated stainless steel tubes at varying solution velocities 
were conducted (see Table 6.3).
Run-ID Solution flow rate I /  min] Deposited amount of wax [g] Time
[min]left middle right left middle right
290600 3.0 4.0 5.0 not measured 2000
040700 3.0 4.0 5.0 not measured 2000
110700 1.5 2.0 3.0 not measured 850
130700 3.0 4.0 5.0 0,36 0,21 0,41 850
Table 6.3: Flow rates at different test sections and wax deposited (as far as available)
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Inlet Outlet
Figure 6.7: Tubes o f run 4110700 after the test (top to bottom: 1.5, 2.0 and 3.0 l/min)
The picture above displays the three tubes taken out o f the test section after the test. 
Cracks could be seen at some parts, which developed during the drying of the wax 
layer. A t the inlet o f the wax solution on the left side, there was less wax for all tubes 
because o f higher shear forces caused by turbulence. The wax layers were quite 
irregular, seeming a bit less on the third tube (3.0 l/m in).
In contrast to that, the layers on the tubes with a flow rate o f 3.0, 4.0 and 5.0 1/m were 
more regular (#130700, shown in Figure 6 .8 ). Especially on the 5.0 1/m tube, only very 
small wax crystals covering the whole tube could be seen, whereas at smaller wax 
solution velocities there were some specks o f a thicker deposit. This seems to confirm  
the results o f Creek et al. (1999), who found that deposits at low flow rates are 
extremely soft and contain high amounts o f solution, whereas deposits at high flow rates 
are strong and their solution content is significantly lower. The small amount o f wax 
attached to the 5.0 1/m tube can be explained by higher shear forces and thus a higher 
rate o f removal, and/or a reduced sticking probability.
Additionally, some specks o f a second, much thicker wax layer can be seen in Figure 
6 .8 . When shutting down the experiment, wax solution was draining and flowing in the 
opposite direction than during the test. During shutdown, it was observed that loosely 
adhered wax and small wax crystals were partially removed by the stream. Therefore, 
the specks could be remaining parts o f a second (outer) wax layer, which had covered 
the complete tube just as mentioned by Bott and Gudmundsson (1977a).
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Inlet Outlet
Figure 6.8: Tubes o f run til30700 after the test (top to bottom: 3.0, 4.0 and 5.0 l/min)
6.2.3.3 Effect of Surface Roughness on Wax Deposition
The experiments performed in this work to investigate the effect o f the surface 
roughness on wax deposition are given in Table 6.4. For a comparison of all treatments, 
the flow rate was held constant. Further experiments with the electropolished and the 
sanded tube have been carried out at higher flow rates.
Run-ID Treatment Solution flow rate 
[1 /  min]
Amount of 
deposited wax [g]
180700 Sanded across Flow Direction 3,00 1,23
180700 Electropolished 3,00 3,54
180700 St St 3,00 0,78
190700 Sandblasted 50 PSI 3,00 3,29
190700 Sandblasted 100 PSI 3,00 3,64
190700 St St 3,00 3,16
210700B Sanded across Flow Direction 4,00 1,09
210700B Electropolished 4,00 2,00
210700B St St 4,00 1,48
260700 Sanded across Flow Direction 5,00 1.11
260700 Electropolished 5,00 1,67
260700 St St 5,00 0,84
Table 6.4: Record o f experiments
The pictures o f the tubes taken after the tests (see Figures 6.9 and 6.10) allow a different 
conclusion. Whilst the wax layer on the untreated tube is irregular, the sanded tube
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shows from left to right an increasing, but very thin wax layer. There are some crevices 
across the wax layer, which are caused by the drying process after the experiment and 
surface texture o f the tube. Some specks o f a second, much thicker wax layer can be 
seen. Looking at the electropolished tube, no such second, loose layer o f wax seems to 
exist. The tube is completely coated with a thick, regular and smooth wax layer. Its 
thickness slightly increases from inlet to outlet. The wax layer has a sharp border at the 
inlet, where a region without any wax crystals can be seen. This could be an indication 
for easy removal o f the wax since it does not seem to adhere to the tube very tightly and 
the inlet is an area o f high shear forces.
Inlet Outlet
Figure 6.9: Tubes o f run 4180700 after disassembly o f test sections
Inlet Outlet
Figure 6.10: Tubes o f run 4190700
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Both sandblasted tubes look similar after the experiment. They are fu lly covered with a 
continuous wax layer that is slightly increasing from inlet to outlet. A t some points 
(marked regions in the picture), the wax layer is less thick, which could be a result of 
turbulence introduced by small changes in the cross-sectional area (e.g. at the end of the 
glass tubing, where the cross-sectional area changes a bit). In this test, the untreated 
stainless steel tube shows a regular wax layer with some parts where the thick, outer 
layer is missing.
Figure 6.11 displays the tubes o f run #210700B. The only difference o f this experiment 
to run #180700 was the increased flow rate o f 4.0 l/min.
Inlet Outlet
Figure 6.11: Tubes o f run 4210700B
The sanded tube o f this run looks very similar to the one o f run #180700. The most 
remarkable difference can be discovered at the electropolished tube: while the previous 
test resulted in a thick, continuous layer, now there are large parts o f the tube 
uncovered. These uncovered parts can mainly be found near the inlet o f the wax 
solution, which could be resulting from high turbulence. Again the spots o f wax show 
relatively sharp borders to the regions not being covered with wax. This could be a 
verification of the earlier assumption that wax deposit is less attached to electropolished 
tubes.
- 124-
Mitigation o f Wax Deposition with Modified Surfaces
A picture o f the sanded and the electropolished tube at a flow rate o f 5.0 1/min is shown 
in Figure 6.12. The result for the sanded tube is similar to the previous ones, whereas 
the wax layer on the electropolished tube is different to the one o f run #210700B. It is a 
regular, smooth layer being less thick at two locations (encircled regions). These 
locations correspond to those on the sandblasted tubes and could be the result o f a flow  
of wax solution towards the tube wall, thus removing wax by higher shear forces.
Inlet Outlet
Figure 6.12: Tubes o f run 260700
For comparison, Figure 6.13 shows the amount of deposited wax o f these experiments. 
As already discovered in the pictures, the wax amount of the electropolished tube o f run 
#180700 is by far more than on both other tubes. But comparing the values for the 
untreated stainless steel tubes of #180700 and #190700 gives a remarkable difference, 
which cannot be explained. Excluding #180700 because o f a probable error by an 
unintended removal of wax at the disassembly, one gets a decreasing amount of 
deposited wax with increasing flow rate for the untreated stainless steel tubes.
The same result is obtained with the electropolished tubes. Their wax amount decreases 
with increasing flow rate. Higher values are noticed than on the untreated tubes. An 
explanation for this could be the lack o f crevices or peaks in the surface structure, which 
introduce turbulence. Thus, deposit is not removed efficiently enough and more wax is 
attached to the tube.
However, the sanded tubes all have similar amounts of wax adhered to the tube, 
irrespective of the different flow rates. This might be explained by the microstructure of 
the tube surface. By sanding the tube across flow direction, furrows have been 
introduced, which introduce microturbulences when a fluid flows past them (refer to
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Figure 6.14). These microturbulences affect the laminar sublayer, so that even at low 
flow rates a removal by shear forces can take place. On the other hand a large number 
of nucleation sites and good adhesion is provided by such a surface.
Influence of Surface Roughness
Figure 6.13: Amount o f deposited wax for different surface roughness and flow rates
Flow Direction 
 ►
Microturbulences
Figure 6.14: Microstructure influencing laminar sublayer
The difference in the amount o f wax deposited on the sandblasted tubes is very small 
and can be neglected in comparison with the untreated tube. The microstructure of their 
surface looks different to the sanded tube, having a lot o f cavities. These cavities 
increase the surface roughness immensely, but affect the laminar sublayer far less than 
the crevices of the sanded tube and provide even better nucleation sites. The 
combination of more nucleation sites and better removal o f deposits by increased shear 
forces (but not as good as for sanded tubes) gives a similar result as for the untreated
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stainless steel tube. Therefore, a high surface roughness itself does not mitigate wax 
deposition, but its microstructure must be taken into account.
Figure 6.15 relates the wax that had deposited on the tubes from all tests with a flow  
rate o f 5.0 l/m in to the measured surface roughness. No direct correlation can be 
recognized. It has to be mentioned that effects o f different surface energy are not taken 
into consideration on this graph. The red broken lines represent the borders in between 
values have been recorded.
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Figure 6.15: Amount o f deposited wax versus surface roughness at 5.0 l/min
W hile the very smooth coatings of A lkali Cu, Special Cu and N i-P -P TFE  18% show 
extremely small amounts o f adherent wax, a lot o f wax deposited on the electropolished 
tube and the tube coated with N i-P -P TFE  35% , which also have a low surface 
roughness. Therefore, a low surface roughness does not necessarily lead to less fouling, 
but it can be helpful. Even the high amounts o f deposited wax can be removed relatively 
easy from very smooth surfaces.
Furthermore it can be seen, that the amount o f wax adhering on tubes having a very 
rough surface (Ra >  2.0  jxm) varies between 1.00 and 1.20 grams, which is o f the same 
order as the values for the untreated stainless steel tubes. Hence, the effect o f increased
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turbulence and an increased number o f nucleation sites by a rough surface seem to be 
balanced. Thus, rough surfaces do not change the fouling behaviour strongly enough to 
mitigate wax deposition sufficiently.
6.2.3.4 Effect of Surface Energy on Wax Deposition
In this chapter, the results o f the experiments with tubes having an altered surface 
energy are described. Table 6.5 gives an overview over the conducted tests.
Run-ID T reatment
Flow rate 
[l/m in]
Deposited 
wax [g]
240700 PTFE #6 3,0 2,86
240700 PFA #7 3,0 2,92
240700 St St 3,0 3,61
250700 Nylon #10 3,0 3,46
250700 PTFCE #8 3,0 2,83
250700 St St 3,0 3,16
270700 Du-103 5,0 0,52
270700 PE 5,0 0,79
270700 St St 5.0 0,70
310700 Du-101 5,0 0,30
310700 PPS 5,0 1,06
310700 St St 5,0 1,19
010800 Pk-20 5,0 1,04
010800 Pk-46 5,0 1,02
010800 St St 5,0 1,26
020800 Mo 5,0 1,09
020800 T i02 5,0 1,14
020800 St St 5.0 1,11
030800 Alkali Cu 5,0 0,25
030800 Special Cu 5,0 0,17
Table 6.5: Record o f experiments
Run-ID T reatment
Flow rate Deposited
030800 St St 5,0 1,34
070800 Zr02-Y2C>3 , 5,0 1,01
070800 Al20 3 __5,0 1,03
070800 St St 5,0 0,65
080800 EK-38 5,0 1,39
080800 EK-19 _ . 5 - 0 . 1,01
080800 St St 5,0 1,30
090800 Ni90 AI10 5,0 1,13
090800 Ni-W 5,0 1,02
090800 St St 5,0 1,39
110800 PTFE 35% 5,0 1,70
110800 PTFE 18% 5,0 0,16
110800 St St 5,0 1,76
210800 N+ 5,0 0,30
210800 H+ 5,0 1,20
210800 St St 5,0 1,04
? s r __5,0_ 0,13
? F+ 5,0 0,12
? SiF* 5,0 0,10
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The first two runs were carried out with flow rates of 3.0 1/min, since the cooling 
capacity o f the chilling unit for the cooling water was not high enough for higher flow  
rates.
Figure 6.16 displays the tubes of the runs #240700 and #250700 after disassembling of 
the test sections. A ll tubes were surrounded by a thick wax layer with some 
irregularities and defects. The only exception to be seen was the wax layer on the nylon 
coated tubing. It showed a regular structure with a smooth surface and slightly varying 
thickness.
Inlet Outlet
Figure 6.16: Tubes o f run 4240700 and 4250700 (CVD-coatings at 3 l/min)
Comparing the amount o f wax that has deposited on the tubes given in Table 6.7 shows 
that there is little difference between the values for the coatings and the untreated 
stainless steel tube. Except for the nylon coating, all tubes had slightly less adherent 
wax deposits. Therefore an additional chilling unit was used to be able to carry out the 
following experiments at higher flow rates. This should lead to less deposition, and a 
better identification of successful coatings was expected.
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Figures 6.17 to 6.18 show the fotographs for the remaining tubes coated by a chemical 
vapour deposition process and the Du-coated tubes. Particularly the D u -101 coated tube 
showed a very low value for the wax amount deposited. Only a few wax crystals on the 
D u -101 could be seen, whereas the PPS coated tube is fu lly covered with a continuous 
wax layer. The measured weight o f attached wax might be influenced by the amount of 
wax build-up in the dead-zones below the inlet and above the outlet. However, D u -101 
had a similar surphase roughness as the untreated stainless steel tube, and therefore both 
should have shown the same behaviour with respect to the initial fouling (roughness 
delay time).
Inlet Outlet
Figure 6.17: Disassembled tubes after the experiment (4310700)
A comparison o f the amount o f wax that has deposited on the tubes o f run #070800  
indicates that both coatings A I2O 3 as well as Z r 0 2-Y 20 3 had nearly the same amount of 
wax attached to them (1.03 and 1.01 grams, respectively) and a very similar shaped wax 
layer. The untreated stainless steel tube had only 0.65 g wax adhered, which could be a 
result o f the draining wax solution during the shutdown process. As can be seen in 
Figure 6.18, some regions o f the stainless steel tube showed only a thin wax layer with 
crevices.
According to the results of runs #010800 and #080800, the Pk- and Ek-coatings, which 
had similar surface energies (28.0 to 30.6 mJ/m2 with negligible polar contribution), did 
not succeed in mitigating wax deposition. Hence, a positive effect o f lower surface 
energy could not be shown with these coatings. The tubes, shown in Figure 6.19, were 
completely covered with wax with similar quantities ranging in the same order as the 
stainless steel tubes. The wax layers on all tubes was thinner at the inlet because of the
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solution flow  normal to the tube surface and at about 2/3 of the tube length as detected 
at previous tests.
Inlet Outlet
Figure 6.18: Tubes after disassembly (4070800)
W hile both Ek-coatings and the Pk-20-coated tube had similar surface roughnesses to 
stainless steel tubes, the Pk-46 coating showed a significant higher value (refer to 
Chapter 6.2.1). Though, their amounts o f attached wax did not differ from each other a 
lot.
Inlet Outlet
Figure 6.19: Tubes with Pk- and Ek-coatings (4010800 and 4080800)
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The titanium oxide and molybdenum sputtered tubes as well as the nickel-wolfram and 
the nickel-aluminium tubes possessed relatively high surface energies with a very high 
proportion for the polar part. In Figure 6.20, their pictures after the experiments are 
displayed.
Mo
Bij • .J
Ti02
i* r '
m P«- — =5 •
Ni90 AI10
BL. 1 H
Inlet Outlet
Figure 6.20: Tubes of runs 4020800 and 4090800
W hilst the first three tubes showed a similar wax layer, the wax on the nickel-wolfram  
coated tube was not regular and had some defects. Though, weighing the wax deposited 
on the tubes resulted in values between 1.02 and 1.14 grams, which was very close to 
the average of the untreated stainless steel tubes. Therefore it can be assumed that these 
treatments did not have a positive affect on mitigation o f fouling.
In test run #110800, both N i-P -P TFE  coatings were investigated. The N i-P -P TFE  18% 
treated tube showed a very small amount o f wax adhering to it (0.16 g), whereas the 
untreated stainless steel tube had a much higher amount o f deposited wax (1.76 g) 
attached, which was higher than the results from previous tests. No explanation for the 
different behaviour o f the stainless steel tube can be given. Although both N i-P -PTFE  
coatings possessed similar roughness and total surface energy, their fouling behaviour
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differed remarkably. A  different effect than surface energy or surface roughness must be 
responsible for the varying behaviour of both coatings.
Despite o f having a relatively high surface energy compared to other coatings, the 
Alkali Cu and Special Cu treated tubes showed only little fouling. A  comparison o f the 
tubes of run #030800 at different times during the experiment can be seen in Figures 
6.21 to 6.23.
Omin 10min 20min 30 min 40 min 50 min 60 min 100min 140 min end
Figure 6.21: Pictures taken during the test o f Alkali Cu tube
Omin 10 min 20 min 30 min 40 min 50 min 60 min 100min 140 min end 
Figure 6.22: Pictures taken during the test o f Special Cu tube
Omin 10 min 20 min 30 min 40 min 50 min 60 min 100min 140 min end 
Figure 6.23: Pictures taken during the test o f untreated stainless steel tube
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In case o f the A lkali Cu tube, first recognizable wax crystals could be seen after 30 
minutes, whereas first thin wax layers seemed to form on the other two tubes after 10 to 
20 minutes. Both layers on the copper electroplated tubes increased only slightly, 
leaving just 0.25 and 0.17 grams of wax adhered to them, which was far less than for 
the stainless steel tube (1.34 g). Somehow, both copper treatments inhibited wax 
deposition. I f  this was an effect o f the very low polar parts o f their surface energy, then 
both Ek- and Pk-coatings, which had an even smaller surface energy with a very low  
polar contribution, should have shown a similar fouling behaviour. Since this was not 
the case the effect o f surface energy stays ambiguous.
Last, but not least, the ion implanted tubes were tested. Neither fouling curves could be 
measured nor pictures be taken. Thus, only the amount o f deposited wax could be used 
for evaluation. Except for the H * implanted one, all ion implanted tubes showed a 
significant reduction in wax deposition compared to untreated stainless steel tubes. 
Weiss (1999) observed a similar behaviour during his investigations o f CaSC>4 scale 
formation, where H *  implanted surfaces showed more fouling than other ion implanted 
samples (see Chapter 8.2.1.5.1) . On the other hand, Van Buren (1999) had very good 
results with H + implanted surfaces during his research of CaS0 4  scale formation. An  
explanation for this behaviour is still to be found. Nevertheless, ion implantation 
seemed to be a successful method to reduce fouling.
A  summary o f the results can be seen in Figure 6.24, where the amount o f deposited 
wax on the tested tubes is shown. Both red lines represent the average values of the 
untreated stainless steel tubes for flow rates o f 3.0 and 5.0 1/min, respectively.
W hile at low flow rates no coating had a strong influence on wax deposition, good 
results were obtained with some treatments tested at the higher flow  rate. Particularly, 
both Du-coatings, the copper electroplated samples, N i-P -P TFE  18% and the ion 
implantation (except H +) showed promising results.
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Com parison of Low-Energy Coatings
4,00 -i--------------------------------------------------------------------------------------
55 55
55 55
Figure 6.24: Deposited wax o f all tested low-energy surfaces
It was expected that reduced surface energy would lead to reduced asymptotic fouling 
resistances and therefore less deposit. From Figure 6.25, where the amount of deposited 
wax is plotted versus the total surface energy o f the treated tubes, no obvious correlation 
between wax amount and surface energy can be found. Both copper electroplated tubes 
showed very low quantities o f adhered wax although their surface energy is 
considerably higher than that of many other treatments, which did not succeed in 
mitigating wax deposition. On the other hand the low-energy N i-P -P TFE  35% coated 
tube possessed the highest amount of wax of all investigated tubes. A  comparison of 
surface coatings with low polar surface energies does not give a direct correlation as 
well.
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Total Surface Energy [mJ/m2]
Figure 6.25: Deposited wax vs. total surface energy
Attempts to correlate a combination of both, surface roughness and surface energy, to 
wax deposition by multiplication or addition with certain factors were not successful. 
Either there is no such correlation or it may be too complex to guess at that present 
stage. Another reason could be that the measured values differ too much from the 
theoretical (i.e. ideal) values.
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7 Plate & Frame Heat Exchangers (PHE)
A  P H E  is a specific type o f heat exchanger, invented in 1922 by Dr. Richard Seligman, 
the founder o f the A lum inium  Plant and Vessel Company Ltd. (APV-Com pany). The 
idea was to design a heat exchanger, which could easily be cleaned on both sides o f the 
wall separating the two fluids without any possibility for cross-contamination 
(Seligman, 1964).
W ithin the following years, PHEs have become increasingly important. They replaced 
other heat exchanger types like tube and shell heat exchangers in many applications, not 
only in liquid-liquid heat transfer, but also in two-phase heat transfer applications such 
as condensing and boiling. Since the initial design, significant progress in thermal and 
mechanical performance of PHEs and the development o f improved materials for plates 
and gaskets has been realised (Muller-Steinhagen, 1997a).
PHEs are commonly used in the food and dairy industry, in cooling water applications, 
but additional industrial applications in chemical and petrochemical plants w ill increase 
their market in the future.
7.1 Design of PHEs
The design o f a plate heat exchanger is shown in Figure 7.1. A  typical P H E  consists o f a 
frame with two carrying bars, two rigid covers (frame and pressure plate) and an array 
of rectangular corrugated plates, with holes for the passage o f the two fluids, between 
which the heat transfer is to occur. The entire pack of plates is compressed between the 
covers by a number o f tightening bolts.
The plates are sealed by elastomeric gaskets which are arranged to direct the two fluids 
(process and service media) through alternate flow channels formed by the space 
between the plates. PHEs are designed for optimum heat transfer with a minimum use 
of expensive material and space. The corrugated plates, which are pressed profiles, form  
the heating surface o f the PHE. There are different patterns o f plate corrugations 
available, as can be seen in Figure 7.2.
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Figure 7.1: An *exploded' view o f a plate and frame heat exchanger
These corrugations subdivide the flow into a number of interconnected flow channels 
with multiple changes in direction as well as cross-sectional area. Thermally, the 
corrugation function is to induce turbulence and increase the heat transfer area by 
amounts varying from 15 to 25 % (Cooper and Usher, 1983).
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The design o f the chevron or herringbone plates consists o f troughed plates with 
corrugations inclined at an angle Pp to the main flow direction (see Figure 7.3). The 
corrugations are pressed equal to the plate spacing. The corrugation angle Pp varies from  
0° (flow channels parallel to the flow direction) up to 90° (washboard patterns). The 
plates are assembled with the patterns pointing in opposite directions, thereby producing 
a three-dimensional flow passage o f almost constant overall cross-sectional flow  area. 
Since adjacent plates are in mutual contact, the corrugations improve the rigidity o f the 
plates and provide mechanical support. This made it possible for plates o f only 0.5 mm  
thickness to be used. The space between the plates is also well defined by the geometry 
of the coiTugations. The presence o f the corrugations promotes turbulence and hence, 
increases the heat transfer coefficient o f the heat exchanger, and decreases the fouling 
resistance by increasing the level o f turbulence. According to Shah and Focke (1988), 
the plates can be classified into hard and soft plates, depending upon whether they 
generate a high or low intensity o f turbulence, which means high or low values for the 
pressure drop within the plate passages. The plate corrugation pattern gives a constant 
change in direction and cross-sectional area in the direction o f flow , so that turbulence 
is induced by a continuing variation in liquid velocity. The effects o f the corrugations 
on the performance of the PH E  are discussed in detail in section 7.4. A  typical cross 
section o f two neighbouring chevron or herringbone plates is shown in Figure 7.3.
The geometrical parameters that affect the performance o f chevron or herringbone 
plates can be summarised as:
•  corrugation inclination angle j6P to the flow direction,
•  corrugation amplitude ap,
•  plate thickness Sp, and
•  corrugation wavelength Xp.
Raju and Bansal (1986) give general values for the above listed geometrical parameters. 
The plate thickness 8P varies from 0.5 up to 1.2 mm, the corrugation amplitude ap lays 
between 1.5 and 5.0 mm, and they give the frequency o f contact points of two 
neighbouring plates with one contact point for every 1.5 to 20 cm2. The possible sizes of
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the plates are also given, varying from 0.03 up to 2.2 m2. The values for the corrugation 
inclination angle (3P were mentioned above, covering a span from 0° up to 90°.
Figure 7.3: Cross- Section o f two neighbouring chevron or herringbone plates
(Bansal, 1994)
PHEs can be operated at pressures varying from 0.1 up to 1.5 M Pa, and up to 2.5 M Pa  
in special cases. The temperature range starts at -25 °C  and ends at 150 °C  with rubber 
gaskets. It  is possible to cover a temperature field beginning at -40 °C  and ending at 260 
°C  by the use o f compressed asbestos fibre gaskets. Gasket-free PHEs (welded design) 
are capable o f handling temperatures ranging from -50 °C  to 350 °C  and design 
pressures up to 4.0 M Pa. W ith the use of diffusion bonding and superplastic forming 
techniques (Rolls-Laval plate fin heat exchanger), the heat exchanger is capable of 
withstanding pressures o f up to 50 M P a and temperatures up to 500 °C  (A lfa  Laval Co., 
1997). The size o f a single plate and o f the complete plate heat exchangers is very 
flexible. Figure 7.4 shows the range of currently manufactured plate dimensions. The 
total transfer area ranges from 0.02 to 4.75 m 2.
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Plates can be made of stainless steel, titanium, Incoloy, Hastelloy or any other material 
which is ductile enough to be formed by pressing. The gaskets are available in a wide 
range o f elastomeres for instance Neoprene, N itrile Rubber, E P D M  and Hypolon.
Figure 7.4: Heat exchanger plates o f various sizes (Sondex)
Advantages and Disadvantages o f PHEs
Some of the most important advantages o f PHEs over conventional heat exchangers like 
tube and shell heat exchangers, are described below. (Gupta, 1986), (Carlson, 1992)
High Heat Transfer
Because of higher turbulence promoted by the corrugated plates and because of the low 
thermal resistance of the plates due to the thin plate material, high heat transfer 
coefficients can be achieved for both fluids in a PHE. This can be demonstrated with a 
quantitative comparison by using the temperature ratio, T R  or Number o f Transfer 
Units, N T U , which is defined as
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TR =  NTU  =  "  (7.1) 
LMTD
A Tm is the larger temperature change o f the two fluids, L M T D  is the logarithmic mean 
temperature difference in the heat exchanger. According to Carlson (1992), tubular heat 
exchangers have N T U  capability of 0.3 per shell, whereas chevron-type plates reach up 
to 1.0 to 6 .0 .
Economy: Since the heat transfer area requirement in plate heat exchangers is about 50 
to 60% lower than in tube and shell units, they need less material for construction.
Compactness: Due to their high heat transfer efficiency, PHEs require less heat transfer 
area and hence, weights considerably less and need only one-fourth to one-tenth of the 
floor space of non compact heat exchanger types, like shell and tube heat exchangers. 
The small amount of liquid hold-up in PHEs is helpful when toxic, and temperature- 
sensitive fluids are processed (Muller-Steinhagen, 1997a).
Lower Fouling Tendency: Higher shear stress caused by higher level o f turbulence 
present in a PH E leads to higher removal rates, which is inclined to inhibit fouling 
mechanisms to a certain extent. Better surface finish, such as lower roughness of the 
plates can also mitigate fouling.
Accessibility and Flexibility: Because of the design, all parts o f a P H E  can easily be 
disassembled, inspected, cleaned i f  necessary and reassembled. The number o f plates in 
a P H E  can be changed easily to increase the thermal duty, hence the heat exchanger is 
always working near its optimum condition.
However there exists some limitations in the use of PHEs, and most o f these 
disadvantages are caused either by their thin walls, which are vulnerable i f  the 
exchanger is used for erosive or corrosive duties, or their small channel gap, in which 
blockage may occur more easily under fouling conditions, than compared to shell and 
tube heat exchangers. The greatest disadvantage o f PHEs comes from their gaskets
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which cause them to be unsuitable for highly corrosive fluids, and fluids with 
temperature and pressure exceeding certain limits.
Due to ongoing research, for many applications, the numerous advantages o f PHEs 
usually outweigh the few disadvantages they possess.
7.2 Heat Transfer in PHEs
The heat duty is related to the heat transfer surface and the driving temperature 
difference through the overall heat transfer coefficient. The general equation used to 
calculate heat transfer in a heat exchanger with perfect co- or counter-current flow is:
<2 =  £ /-A -A 7 ;og (7.2)
where Q is the rate o f heat transfer, U  is the overall heat transfer coefficient, A  is the 
heat transfer area and A7]og is the log mean temperature difference. Since the
temperature difference varies between both ends of the heat exchanger, a logarithmic 
mean temperature ATlog has to be used. ATlog in a counter-current flow  arrangement is
defined as follows:
A r p  ('B'hot.in F c o ld ,o u t) (ffhot.ou t c^o/rf.w) s r , o\
log — C T  — T  'k 'B )
j ' h o t , i n  c o ld ,o u t '
hot .out Fcoldjn )
Furthermore, the overall heat transfer coefficient U  for a plane wall in Equation 7.2, 
which is assumed to be nearly constant over the heat transfer area is:
U =
\  Mhot
+ wall
"wall
+
a cold J
(7.4)
The film  heat transfer coefficient a  is a function of surface structure, surface roughness, 
velocity o f the fluid and its physical properties. The thermal conductivity o f the wall
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Xwaii depends on the wall material, s is the wall thickness. In case o f different wall
materials a summation o f V  —  is to be used.
i a .
During steady-state operation, the rate o f heat loss by the hot fluid or heat gain by the 
cold fluid can be expressed as
Q = M - c p ' AT  (7.5)
where M  is the mass flow rate, cp is the heat capacity and AT  is the temperature drop 
of the hot fluid or the temperature rise o f the cold fluid.
The theoretical film  heat transfer coefficient in plate heat exchangers can be calculated 
from correlations similar to those used for tubular heat exchangers. Because o f the very 
high degree of turbulence which can be achieved in a PHE, even at low Reynolds 
numbers a transient to turbulent flow  prevails. Critical Reynolds numbers, where the 
transition from laminar to turbulent flow  in PHEs occurs are in the range of 10 to 400 
for different corrugations (Marriott, 1971). These factors produce an exceptionally high 
film  heat transfer coefficient, which can be expressed by means of a Nusselt number. To  
simplify the formulation o f correlations, the main influence values in this equation have 
been combined to give dimensionless numbers.
Nu =  C' (Re) '1 • (Pr)" (7.6)
f fw a ll
The Nusselt number is basically a dimensionless heat transfer coefficient and is defined 
as
Nii =  ^ j A .  (7.7)
The Reynolds number relates momentum forces to viscous forces and is related to the 
level o f turbulence
Re = iL A  = f L £ A  (7.8)
v ri
The Prandtl number is a dimensionless physical property of the fluid
C» ' P
Pr =  —  (7.9)
A
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In  the above equations a  is the film  heat transfer coefficient, u is the flow  velocity, p is 
the fluid density, cp is the specific heat capacity with constant pressure, X is the thermal 
conductivity, p  is the dynamic viscosity of the fluid and p wan is the dynamic viscosity of 
the fluid at the wall to account for the effects o f wall superheat, dh is the hydraulic 
equivalent diameter o f the flow  channel in the exchanger defined as the ratio o f four 
times the cross-sectional area to the wetted perimeter. Since the plate width is much 
larger than the channel gap, dh is reduced to twice the average plate spacing (see chapter
7.3). Further details o f heat transfer in P H E ’s can be found in various other references 
like M artin (1996), Focke (1985), Kho (1998), M arriot (1971), Haseler (1992).
7.3 Pressure Drop in PHEs
Pressure drop across the equipment is one o f the main parameters, which has to be
considered when designing and operating any heat exchanger including the PHE. The
overall pressure drop in a PH E arises from three different effects, namely elevation, 
acceleration and friction. According to Shah and Focke (1988), the pressure drop 
consists o f three components:
•  Ap associated with inlet and outlet manifolds and ports,
® Ap within the plate passage (core), and 
® Ap due to an elevation change.
Therefore the total pressure drop Ap for one flow in a PH E can be expressed as the sum 
of the above listed:
Ap  A p  manifolds and ports A P  core A P  elevation (7.10)
The pressure drop in inlet and outlet manifolds and ports can be evaluated empirically 
from the following Equation:
A P  manifolds and ports —  1 * 5  *
(  n 2 A
P ' U,n •N  (7.11)
in
In  Equation (7.11) the pressure drop approximately 1.5 times the inlet velocity head per 
pass, p  is the density o f the fluid, um is the mean fluid velocity, N  is the number o f fluid  
passes, e.g. 2. In  a well designed PH E this pressure drop is kept below 10 %  of the total 
pressure drop on each side.
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The pressure drop within the plate passages consists o f skin friction, flow  concentration 
and expansion due to corrugations, velocity profile development, and changes in the 
fluid density. The first three components, the skin friction, the flow  contractions and 
expansions are lumped into the empirical fanning friction factor /  for the plate. Heating 
or cooling of the fluid causes changes in the density of the fluid, leading to changes in 
its static pressure. Thus, the plate pressure from the plate passages can be calculated 
from the following expression,
ARc»re= /
2 ■L'rii
~ F ~
' I '
\ P j
+ m (7.12)
frictioneffect momentumcffect
In case of incompressible fluids, the momentum effect caused by changes in the fluid  
density is negligible, therefore Equation (7.12) can be reduced to
A ( 7 . X 3 )
‘ P m
w h e re /is  the dimensionless fanning friction factor, L  is the length o f the plate passage, 
dh is the already introduced hydraulic diameter, pm is the mean fluid density, and m is 
the mass flux, based on the minimum open area o f the flow in one of the plate passages,
m = —  (7.14)
A)
where M  represents the fluid mass flow  rate per channel, and Ao is the minimum free 
flow  area of this channel.
The final part o f the overall pressure drop, the pressure drop (or rise) due to an elevation 
change is given by
A Pd™ «i„„ =  ± P „ ,  S ' L (7 -1 5 )
which is positive for vertical up-flow (pressure drop), and negative for vertical down- 
flow. In this equation, L is the plate length, g is the acceleration due to gravity, and pm is 
the mean fluid density. I f  the distance between the ports is small, this component of the 
overall pressure drop can be neglected.
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In  this study the overall pressure drop was assumed to result only from  friction. The 
pressure drop Ap per distance AL in a plate heat exchanger can then be described by
N  =  2 - f . p - u 2 —  (7.16)
AL dh
H e r e / is  again the fanning friction factor, p  is the density o f the fluid, u is the mean
flow velocity and dh is the hydraulic diameter. The hydraulic diameter is defined as
. cross sectional area 4 • ad „ = 4 -------------------------- = -------  (7.17)
wetted perimeter $
Where ap is the amplitude o f the sinusoidal corrugation. Since in plate heat exchangers 
the plate width is much greater than the channel gap the hydraulic diameter can be 
reduced to
< * ,«  2 A  (7.18)
with dc as channel gap and f  as area enlargement factor due to the corrugation. This 
enlargement factor is the ratio o f the actual surface area o f the plate to the projected 
surface area. Further details on pressure drop calculations in P H E ’s can be found in 
various references, e.g. Focke (1985), M artin (1996), Kho (1998), Zettler (1997).
7.4 Flow Pattern in PHEs
The advantages o f PH E  over conventional heat exchangers result to a great extent from  
the flow patterns due to the geometry of the flow channels. Therefore, before focussing 
on the thermo hydraulic performance, the flow patterns in P H E  should be considered.
Focke (1985) investigated the effect of the corrugation angle (p on the flow  pattern using 
a visualisation technique. The test section was a rectangular flow  channel between two 
symmetrically corrugated plates with corrugation angles o f 45°, 80° and 90°.
It  could be shown that for 45° and 80° the fluid flows mainly along the furrows. A t an 
angle o f 45° the fluid follows a furrow on one side of the channel to the edge of the 
plate, is reflected there and flows on the opposite side of the channel to the other edge. 
Hence two sets o f criss-crossing streams are formed, as shown in Figure 7.5.
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A t the crossing points, a swirling motion in each sub stream is induced due to friction 
between the streams at opposite sides o f the channel. The reason for the friction is the 
velocity component o f each stream perpendicular to the flow direction o f the other one. 
Hence the friction is proportional to
uMm.•sin(2 - 'P )= 2 - “ /«™,v ■ sin<p • cos (7.19)
where U f U r r o w  is the local flow  velocity in the furrows. This means that for corrugation 
angles below 45° the streams have no velocity component in opposite direction to the 
flow  direction of other stream sets.
Figure 7.5: Flow patterns in corrugated channels, ft equal (p (Focke, 1985)
For (p =  45° the streams flow perpendicular to each other. For corrugation angles larger 
than 45° the streams have a velocity component in the opposite direction of the other 
stream set, causing a retarding effect on the streams. Focke (1985) assumes that this 
effect is responsible for the change in flow pattern that is found for corrugation angles 
of 80°. For plates with this corrugation angle the reflection o f the sub streams does not 
occur at the edge o f the plate but between the contact points o f the plate. This means 
that a stream is reflected when it crosses another sub stream of the stream set o f the
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opposite side o f the channel. The flow  in channels with corrugation angles of more than 
80° is a zig-zag pattern in parallel, see Figure 7.5.
Focke (1985) demonstrates that the swirling motions induced by the crossing o f the 
streams of the opposite sides o f the channel are the main determinants in heat and mass 
transfer. It  was derived that the flow velocity U f u r r o w  in the furrows is proportional to 
1 Icoscp for constant average flow velocity. W ith Equation 7.19 it follows that the 
friction between the streams and therefore the swirling motion is proportional to simp 
for 30° < (p< 72°. It  could be observed in experiments that according to the decrease of 
the slope o f Ufiirrow for (p <  60° the heat and mass transfer levels off. Further details on 
investigations of flow patterns in PHEs are given in chapters 9, 10 and 10.
7.5 Effects of Fouling on the Performance of PHEs
The accumulation o f deposit on the surface o f a P H E  increases the overall resistance to 
heat transfer. Figure 7.6 illustrates the temperature profile across a fouled heat transfer 
surface, with deposition on one side only.
This is a simplified case where fouling occurred on one side o f the heat transfer surface 
only. This additional fouling layer o f thickness Sf and thermal conductivity A,f reduces 
the overall heat transfer coefficient U f  as follows (Epstein, 1983), (Muller-Steinhagen  
1993b):
R f  is called thermal fouling resistance and defined as
where U time=o is the initial overall heat transfer coefficient when there is no fouling.
By using the definitions o f the fouling resistance and heat transfer coefficient, the 
fouling ratio can be derived for constant heat duty as (Muller-Steinhagen, 1993b):
_ L  = J _  + £ m!L + _ L _ + p
U t tXhnt A,lu„nf  ^ h o t wall cold
(7.20)
(7.22)
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The most common method to deal with the reduced performance due to fouling is to 
provide extra heat transfer area. Therefore the Tubular Exchanger Manufacturer 
Association (T E M A ) has issued values o f fouling resistance for specific duties. I f  they 
are used to design a PHE, eq. (7.22) shows that due to the high clean heat transfer 
coefficient the heat transfer area w ill be excessively over designed. Therefore, it is 
recommended that the additional surface area should not exceed 25%  of the heat 
transfer surface requirement for clean operation (Cooper and Usher, 1983). 
Consequently, the T E M A  fouling data should not be used for PH E applications (H E D H , 
Muller-Steinhagen, 1995).
Figure 7.6: A schematic temperature profile across a fouled heat transfer surface
The effect of increasing surface roughness should be predominant in the beginning of 
the fouling process, when the deposit is still very thin and has not yet formed a 
continuous layer. Once a continuous layer is formed, the surface roughness can be 
assumed to be constant. A t that stage the additional conductive thermal resistance due to 
the fouling layer, that is comparable to insulation, w ill reduce the overall heat transfer 
coefficient significantly.
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The pressure drop for a fouled PH E may be estimated by using the hydraulic diameter 
for fouled plates dh f  instead o f dk in Equation 7.18 (Miiller-Steinhagen, 1995):
dhJ = 2>(dc - 2 - A /  • F / ) .  (7.23)
In Equation 7.23, dc is the average plate spacing in [m], A /is the thermal conductivity of 
the deposit layer in [W /m  K ], and Rf is the thermal resistance in [m2 K /W ] due to 
fouling. Kho (1998) tested the validity o f Equation 7.18 when applied in PHEs. It  could 
be shown that Equation 7.18 greatly under-predicted the fouling-related increase in 
pressure drop, because in reality, the deposit is not uniformly distributed over the whole 
heat transfer surface, but grows in localised areas of low flow  velocity and high 
temperature. In addition, the deposits not only reduce the plate channel gap, dc, but also 
reduce the effective width o f the plates as well. Furthermore, this procedure for 
predicting pressure drop involves knowledge o f the deposit thermal conductivity, A/, 
which is difficult to estimate.
7.6 Consideration of Fouling for the Design and Operation of PHEs
In most cases heat exchangers are installed in order to perform a defined heat duty. This 
means that a certain flow  of process fluid should be heated up or cooled down from a 
given inlet temperature to a constant outlet temperature. For this puipose a service fluid  
of constant inlet temperature is used. The inlet temperatures may change slightly due to 
process conditions or with season for seawater and river water applications. The outlet 
temperature of the process side may be accepted to vary over a certain range. But 
generally for optimal production constant inlet and outlet conditions on the process side 
are desired.
For a given heat load the reduction of the overall heat transfer coefficient due to fouling 
can be compensated by using a larger heat transfer area. I f  the fouling resistance is 
known, the ratio between the necessary heat transfer area under fouling conditions 
Afouied and the area under clean conditions Aciean is given in equation 7.22. As discussed 
above, the fouling resistance is a function o f time. Since it is not very convenient to 
change the heat transfer area, another way must be found to provide a constant heat 
load. It is obvious, that the method of choice is to change the flow  rate o f the service 
fluid. A  higher flow rate increases the driving temperature difference. Furthermore, it
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follows from Equation 7.7 that the heat transfer coefficient increases with increasing 
flow velocity. Therefore, the transferred heat increases with increasing flow  rate.
In  case o f deposition o f salts with inverse solubility, e.g. calcium sulphate in aqueous 
solution, an increase of the flow  velocity o f the solution promotes the performance of 
the heat exchanger in terms of fouling in two additional ways:
1. Higher flow velocity causes higher shear stress at the interface and therefore 
increases the deposit removal rate.
2. Higher film  coefficient leads to lower interface temperature, which results in a 
smaller driving force for the deposition reaction.
Providing a variable flow rate in a process requires simply a pump with variable speed 
or, even cheaper, a valve in the inlet line o f the service fluid.
To compensate for the decreasing channel gap and the increasing surface roughness the 
pumps must be over-designed, with respect to heat transfer under clean conditions.
Whenever the design heat load cannot be achieved any more or the pressure drop 
exceeds the power o f the installed pumps, the exchanger has to be cleaned mechanically 
or chemically. Mechanical cleaning requires opening the PH E, whereas chemical 
cleaning can be earned out in place.
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8 Mitigation of Cooling Water Fouling in PHE’s
Tw o different test rigs have been used for the present experiments on mitigation of 
cooling water fouling in PHE:
1. The experimental set-up for the CaSC>4 fouling tests was originally built and used by 
Bansal (1994) for his PhD thesis on “Crystallisation Fouling in Plate and Frame 
Heat Exchangers” , at the Department o f Chemical and Materials Engineering, 
University o f Auckland, New  Zealand. It  was then disassembled and shipped to the 
U K , where it was rebuilt by Kho (1998) at the Department o f Chemical &  Process 
Engineering, University o f Surrey, for her PhD thesis on “Effect of Flow  
Distribution on Scale Formation in PHEs”. Numerous modifications were made by 
Kho (1998) and Zettler (1997), to increase reliability and accuracy o f the rig.
2. The experimental set-up for the plant cooling water experiments was designed 
especially for the purpose o f this research project. The idea was to have a test 
facility, which can operate all year round, without being dependent on identical 
experimental values. Therefore, the test rig consists of two parallel test sections with 
two PHEs, where one PH E was used with untreated plates and the other one was 
fitted with treated plates. It was possible to compare the performance o f the treated 
plates directly with the untreated plates, independently from the initial experimental 
values, like river water temperature and composition.
8.1 Experimental Apparatus and Procedure for PHE Experiments
Cooling water is the most common liquid used for heat exchanging purposes, and the 
most troublesome. To cover the most common fouling problems in cooling water 
applications two different solutions have been tested. The tests at UniS have been 
performed with an aqueous Calcium Sulphate (CaSC^) supersaturated salt solution.
Plant measurements at B A SF installations have been used to assess the potential o f 
present and improved compact heat exchanger designs for cooling water applications to 
learn about fouling problems in real plants. The selection o f B A S F was because it is a
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major chemical engineering installation that uses a variety o f cooling water types, i) 
river water, ii) well water, and iii)  cooling tower water.
8.1.1 Flow Arrangement of the Experimental Set-Up at UniS
The main objective o f this part o f the experimental investigation is to study the effect of 
corrugation angle (design), surface energy and surface roughness (surface properties) on 
the fouling behaviour o f an aqueous calcium sulphate solution in a corrugated PHE.
A  photograph and a detailed flow diagram of the set-up can be found in Figures 8.1 and
8.2 respectively. Although there are two heat exchangers in the set-up, namely a PHE  
and a double pipe heat exchanger (D P H E ), the former is the prime object of interest, 
with water as the heating medium and C aS 0 4 solution as a process fluid. Both the 
water and the solution were circulated in closed flow loops. A ll components of the rig 
were made of stainless steel, except for some heat resistant polymer tubing and gaskets. 
Calibrated K-type thermocouples were used to measure all temperatures.
Figure 8.1: Photograph o f the experimental set-up at UniS.
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Figure 8.2: Detailed flow-chart o f the experimental set-up at UniS.
• Calcium Sulphate Solution Flow Cycle
The solution was stored in a 60-litre stainless steel tank, where its temperature was 
controlled automatically by a cooling-and-heating system. When the temperature 
exceeded the set-point, a control valve would increase the cooling water flow rate into 
the tank cooling coil. On the other hand, when the temperature dropped below the set- 
point, the heating pads attached to the outer tank surface would be switched on. This 
set-up enabled the solution tank temperature to be controlled to within an accuracy o f ±  
0.5 C .
A  centrifugal pump was used to circulate the solution through the rig. The solution flow  
rate was measured using a differential pressure transducer in conjunction with an orifice 
plate, and was automatically regulated by a pneumatic control valve which failed open. 
To simulate once-through industrial processes where solutions are not recycled, the 
solution was filtered, and hence broken crystals and other solid impurities are removed 
prior to their entrance into the PHE. The filter was of l-p m  pore size, 0.50 m long and 
made of polypropylene and polyethylene.
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The pressure at the solution inlet o f the PHE was measured by a mechanical pressure 
gauge, while the pressure drop across the exchanger was measured using an electronic 
pressure transducer. The solution leaving the PHE was fed into the annulus o f the 
D PH E, after which solution samples could be taken before its re-entry into the tank.
•  Hot Water Flow Cycle
Deionised water was stored in a 25-litre stainless steel tank where it was heated by three 
3 kW  immersion Domestic Aqualoy Heaters. The electrical circuitry and pipe work of 
the tank are shown in Figure 8.3. The heaters were regulated by a controller via the 
water temperature and level in the tank. In order to maintain a constant water level in 
the tank, water was supplied to the tank via a solenoid valve, which was connected to a 
float switch in the tank. This set-up enabled the tank temperature to be controlled to 
within an accuracy o f ±  1 C . Furthermore, having an overflow drainage system from  
the tank lid, not only kept the tank at atmospheric pressure, but also served as a 
precaution against tank overflow and overpressure.
Figure 8.3: Schematic o f the hot water tank showing the electrical circuitry and 
pipework.
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A  centrifugal pump was used to circulate the water through the rig. The water flow rate 
was monitored by a magnetic flow meter, and regulated by a pneumatic flow  control 
valve, which failed closed. A  rotameter was used to measure hot water to the D PH E.
•  Compressed Air Supply
The rig was also equipped with a compressed air supply for two phase flow  
experiments. A  rotameter and connections for a portable pressure transducer were 
installed. Compressed air was available from the main compressor unit, and this was 
throttled down to 80 psi on entering the rig air lines.
8.1.2 Flow Arrangement of the Experimental Set-Up at BASF AG
The main objective o f this part o f the investigation is to study biological and particulate 
fouling in plate and frame heat exchangers with treated surfaces for cooling water 
applications. For this purpose, a new test rig had to be built, at the B A SF cooling water 
treatment facilities in Ludwigshafen/Germany. A  picture o f this test rig and a detailed 
flow chart can be seen in Figures 8.4 and 8.5, respectively.
D istilled water is used as the heating medium, Rhine water is used as the process 
(fouling) flu id in the plate heat exchanger. The heating medium is kept in a closed flow  
loop, whereas the Rhine water is in an open flow. The hot water is supplied from a 
temperature-controlled tank via a centrifugal pump. A ll piping, fittings and the hot 
water tank were made o f stainless steel on the hot water side to avoid corrosion and of 
carbon steel on the cooling water side to have realistic operating conditions
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Figure 8.4: Photograph o f the experimental set-up at BASF AG.
• Rhine (cooling) water flow
Rhine water is supplied straight from the waterworks of BASF, after being filtered 
through a sand bed filter. To keep the temperature o f the Rhine water constant 
throughout the year, steam can be injected into the water line (with a maximum of 2 % 
mass). The temperature o f the river water is measured by a PT100 thermometer, 
controlled by a control unit and automatically regulated by a steam control valve. The 
temperature can be kept constant within ±  0.1 °C
The flow rate o f the Rhine water before both PHEs is continuously measured by 
electromagnetic flowmeters (M agflo, M A G  1100, Danfoss, Denmark) with a signal 
converter (M A G  2500, Danfoss, Denmark) and controlled by ‘V ’ notch Control Ball 
Valves, fitted with Forac spring return pneumatic actuators, fail open and adjusted by
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electro-pneumatic positioners (P2000 4-20 m A, P M V , Sweden). These electro­
pneumatic positioners are regulated through control-boxes (Eurotherm controls, U K ).
The Rhine water inlet and outlet temperatures o f both plate heat exchangers were 
measured by calibrated K-type thermocouples. The pressure at the water inlet to the 
plate heat exchangers is monitored by a mechanical pressure gauge. The pressure drop 
across the plate heat exchangers is measured continuously between the solution inlet 
and the outlet using a calibrated electronic differential pressure transducer.
Rhine water
Figure 8.5: Detailed flow-chart o f the experimental set-up at BASF AG.
• Hot water flow cycle
Distilled water is stored in a 180-litre stainless steel tank. The temperature o f the hot 
water side is maintained at a constant value (±0.1 °C ) by a steam injector, which 
introduces steam into the recirculation stream. The hot water temperature is measured 
by a P T -100 Thermometer, and controlled by a temperature controller. Due to the steam 
injection into the hot water flow, the tank had to be provided with an overflow. This 
also kept the tank at atmospheric pressure. The hot water used to heat the Rhine water in 
the two PHEs is supplied from its tank via a centrifugal pump to the PHE. The hot water
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flow to both plate heat exchangers is measured independently by electromagnetic 
flowmeters (M agflo, M A G  1100, Danfoss, Denmark) with a signal converter (M A G  
2500, Danfoss, Denmark) and regulated by ‘V ’ notch Control Ball Valves, fitted with 
Forac spring return pneumatic actuators, fail closed and adjusted by electro-pneumatic 
positioners (P2000 4-20 m A, P M V , Sweden). The inlet and outlet temperatures o f both 
plate heat exchangers are measured by calibrated K-type thermocouples.
8.1.3 Plate Heat Exchanger (PHE)
For all experiments in the present investigation an A lfa  Laval plate heat exchanger was 
used. The plates were o f M 3  type with chevron corrugation angles o f 60° and 30°. The 
gaskets provided diagonal flow. The flow arrangement was o f single pass counter- 
current U-type with the solution inlet on the bottom of the heat exchanger, as can be 
seen in Figures 8.6  and 8.7 which give a schematic diagram o f the flow  patterns in the 
PH E used in the experimental set-up. In  the diagonal flow plates, the solution enters at 
the bottom left side and leaves at the top right side. The water (adjacent channels) enters 
at the top left side and leaves at the bottom right side.
The plates were sealed against each other by so-called Clip-on or Snap-on gaskets. 
These gaskets are attached to the plates with a paper-clip-shaped tab with prongs, which 
makes fitting and slip-out for regasketing much easier. As can be seen, only three 
channels were used in the experimental PHE, one channel for the fouling solution 
between two channels for the heating medium. In this so-called single-pass plate 
arrangement both fluids flow  counter currently through parallel passages.
The first and the last plate in the plate-pack (front plate and end plate) were used in each 
experiment, whereas the plates in the middle o f the pack were replaced for every 
experimental run due to the different surface treatments investigated in this study (see 
Table 8.3).
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8.1.4 Data Acquisition
A  computer controlled data acquisition system, was used for both test rigs in an equal 
set-up, consisting of relay multiplexers, used to record all the experimental data. The 
multiplexer has a temperature reference for thermocouple applications.
Solution flow  rates and temperatures of all the streams entering and leaving the heat 
exchangers were measured and continuously recorded throughout the experiment. To  
describe the fouling behaviour o f the various treated plates, two parameters are used; 
the pressure drop Ap between inlet and outlet of the solution side, and the fouling 
resistance Rf on the solution side.
The pressure drop Ap in a PH E has already been described in section 7.3. It  was not 
calculated, but measured directly in the experimental set-up.
According to Equation (8.1), the fouling resistance Rf (t) was calculated as the 
difference o f the reciprocals of the overall heat transfer coefficients U f  at the beginning 
of the experiment (/ =  0 ) and at some time t:
RAt)=— 1---------   (8.1)
'U , ( t )  1 7 ,0  = 0)
The overall heat transfer coefficient U f  was determined from Equation (8.2),
y  Q m m _  ( g 2 )
7 A 'A  Ths
in which Qsdution represents the heat gain of the solution side, A  is the area for the heat 
transfer inside the experimental P H E  (two times the heat transfer area per plate), and 
ATIog gives the mean logarithmic temperature difference of the experimental PHE.
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The driving temperature difference ATlog was obtained from the measured temperatures
of the inlet and outlet sides o f the P H E  (as can be seen in Figure 8.2) and then used in 
equation (8.3):
AT _  (?3 ~T2)~ (T4 -  Tx)
In HI 11
{ (T . -T Q  j
The heat gain by the solution Qsolution was calculated from the measured temperature 
gain o f the solution side (T2 -  7j ) ,  the mass flow rate of the solution M solution, and the 
specific heat capacity cp, at the arithmetic mean temperature o f the solution, 
(Tx+ T 2) / 2 :
Qsolution =  Msolution ' C p ( ? )  ’ (^2 ”  ^ 1) * (8.4)
The mass flow rate o f the solution M solution in Equation (8.4) was calculated from the 
measured flow  rate o f the solution Vsolluhn and the density of the solution:
M solution Vso/«bo/i Psolution (£) (8.5)
The heat loss o f the hot water side was calculated in terms o f the flow rate and the 
temperature drop o f the heating medium between inlet and outlet:
Qhot water ~  ^  hot water ' Cp (T) * ( f 3 ~T4).  (8.6)
The mass flow  rate o f the hot water was determined from the measured volumetric flow  
rate:
M MKMr = V I M M r -P(T)-  (8-7)
The Handbook of Chemistry and Physics (1982 -  1983) gives a correlation for the 
temperature dependence of the specific heat capacity cp of water,
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c , ( T ) = ^ + r - i x 2 + T  (x3+ t -Of4 + r • * , ) ) ) .  ( 8 .8 )
The temperature T  in Equation (8 .8) had to be inserted in [K ], and cp was calculated in 
[kJ/kg K ], The constants X1-5 in Equation (8 .8) were listed as follows:
Xt -  4.20212174  
%2 = -0 .001638815001  
Z 3 =  0 .0368264095-10"3 
X 4 = - 0.316952445-10"6 
X5 =  1.260457596 -lO "9
The temperature dependence o f the density p  in Equation (8.5) and (8.7) was considered 
in the following correlation for the density o f water, taken from  the Handbook of 
Chemistry and Physics (1982 - 1983):
p(T) -  +  T ' (<0)l + —- + T ' (^4 +  T • (co5 +  T - ft>6)))))
(1 + CO, ’ T) ' ;
The temperature T in Equation (8.9) had to be inserted in [IC], and the density p  was 
obtained in [kg/m3]. L ike in case o f the specific heat capacity, the density p  was 
estimated at the arithmetic mean temperature o f the solution. The constants ft>j_7 were 
taken into account as given below:
to, =999 .83952  
to2 =16.945176  
to3 = -7 .9 8 7 0 4 0 1 -10"3 
co4 = -4 6 .1 7 0 4 6 1  *10“6 
d)5 =  105.56302-10"9 
to6 = -2 8 0 .5 4 2 5 3 -10"12 
to7 =  16.879850-10"3
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Flow rates o f the aqueous salt solution and of the heating medium and temperatures of 
all the streams entering and leaving the PH E were measured and recorded continuously 
throughout the experiment.
The fouling resistance Rf and the pressure drop Ap were continuously updated and 
displayed as a function o f time for easier observation o f the fouling process.
The CaSCfy solution concentration was controlled in two ways. The conductivity o f the 
solution was measured continuously, and recorded by the data acquisition, and solution 
samples were titrated regularly (as it is described in Chapter 8.1.7).
8.1.5 Error Analysis of the PHE test rigs
The maximum error in the temperature measurement (type K  thermocouples) was ±  
0.75°C. The maximum error in the water and the solution flow  rate measurement using 
the electro magnetic flow  meter was ±  3% of the set value. The maximum error in the 
pressure drop measurement across the P H E  was ± 3 % .
The heat balance on the solution and the water-side was determined to be within ±  1% 
based on experimental data. It  takes about one minute to acquire a set o f data and the 
scatter in the data is less than ±  10%.
8.1.6 Preparation of Calcium Sulphate Solution
As described in chapter 3.1.1 an aqueous calcium sulphate solution has been used for 
the P H E  fouling tests at the University o f Surrey, and had to be made up for every test 
performed. Since calcium sulphate is sparingly soluble in water, it was difficult to 
prepare highly concentrated calcium sulphate solutions, by simply dissolving solid 
calcium sulphate. The low solubility o f calcium sulphate had the effect, that a certain 
amount o f salt remained undissolved in the solution, which would promote particulate 
fouling and provide extra nucleation sites for crystallisation during the experiments.
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This problem was overcome by preparing the solution in an indirect way, using the 
more soluble salts, calcium nitrate tetrahydrate (Ca(NC>3)2 * 4 H 2O), and sodium 
sulphate (Na2SC>4). In  the solution, the formation o f calcium sulphate occurs as
Ca2+ +  SO42' +  2 H 20  ->  C aS 0 4 2 H 20 ,  (8.10)
with the overall reaction o f
C a (N 0 3)2 • 4 H 20  +  N a2S 0 4 - »  C aS 0 4 ' 2 H 20  + 2 N a N 0 3 +  2 H 20 .  (8.11)
It  has to be pointed out, that additional ions in the solution (Na+ and N 0 3") may affect 
the crystallisation behaviour of calcium sulphate by changing the activity o f the reacting 
ions (Glasstone, Lewis, 1960). It is well established that the addition of N a N 0 3 may 
increase the solubility o f C aS 04, and this so-called salt-in effect would result in less 
fouling. Therefore, experiments without the presence o f nitrate and sodium ions could 
lead to different results. However, the influence of these ions on the formation of 
calcium sulphate was uncertain.
To prepare the solution, the required amount of sodium sulphate was first dissolved in 
deionised water followed by the needed quantity o f calcium nitrate. Tw o extra gram of 
sodium sulphate were added to ensure that enough sulphate ions were present to react 
with the calcium ions.
The deionised water was produced from tapwater using a combined treatment system. It  
consists o f a pretreatment pack to remove particles and free chlorine from the water, and 
reverse osmosis membranes through which the water was purified (M illipore, 1997). 
The deionised water was also used as the heating medium.
8.1.7 Determination of Calcium Sulphate Concentration
To ensure that the experiments were started with the correct initial solution 
concentration, and to maintain it constant throughout the experiment, the C aS 04 
concentration had to be measured. This was done by determining the amount of
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dissolved Ca2+ ions by E D T A  (Ethylene-Diamine-Tetra-Acetate) titration (Fritz, 
Schenk, 1987; Vogel, 1989). The stoichiometric reaction can be given as
Ca2+ +  H 2Y 2‘ —> C aY 2' +  2 H +. (8.12)
The titrant H 2Y 2' is a solution o f the disodium salt o f E D T A  (disodium dihydrogen 
E D T A ). A  concentration o f 0.01 mol/1 was used, and Calmagite was chosen as the 
indicator. When all free calcium ions have reacted with the E D T A  molecules, the 
following few drops of E D T A  would cause the end-point reaction to occur. This would 
result in a colour change of the indicator from red to blue:
Ca Indie' +  H 2Y 2' - >  C aY 2' +  H  Indie2' +  H *\ (8.13)
(red) (colourless) (colourless) (blue)
Unfortunately, the end point o f the calcium titration is not very sharp. In  order to obtain 
an accurate endpoint, a 0.01  mol/1 magnesium sulphate solution was added to the 
solution sample. The stoichiometric reaction for M g 2+ is the same as for Ca2+, as shown 
in Equation (8.12). Since E D T A  molecules do not distinguish between calcium and 
magnesium ions, the added amount o f M g 2+ ions had to be subtracted from the total 
E D T A  consumption. Finally, the pH  of the solution was adjusted to a value o f pH  =  10 
by adding a buffer solution.
The solutions used for the determination o f the calcium sulphate concentration were 
prepared as described in the following way.
EDTA Solution (0.01 M)
7.444 grams of disodium dihydrogen ethylene-diamine-tetra-acetate (E D T A ) were 
dissolved in deionised water and diluted to a total volume o f 2000 ml. This solution was 
prepared in large quantities to minimise the measuring error. The E D T A  solution was 
kept in a dark bottle, because it is not very stable, and the same solution was not used 
for more than 3 weeks.
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Magnesium Sulphate Solution (0.01 M)
For the preparation of the solution, 1.233 grams of magnesium sulphate (M g S 0 4 ' 
7 H 2O) was dissolved in 500 ml o f deionised water.
Ammonia - Ammonium Chloride Buffer Solution (pH = 10)
142 ml o f concentrated ammonia solution (specific gravity 0.88 - 0.90) was added to 
17.5 grams of ammonium chloride and than diluted with deionised water to a total 
volume of 250 ml.
To perform the titration, 3 ml of buffer solution, 3 ml of the 0.01 molar magnesium 
sulphate solution and 25 ml o f deionised water were added to 25 m l o f calcium sulphate 
solution. Then a generous amount o f the indicator was added to the mixture to give a 
bright pink colour. The solution was then titrated with the 0.01 molar E D T A  solution 
until the colour changed from bright pink to clear blue. Near the equivalence point, the 
reaction point does not occur very fast. Therefore, the titration process was performed 
with patience as the end-point approached.
In calculating the concentration o f the calcium sulphate solution, the amount o f E D T A  
required for the 3 ml of magnesium sulphate solution was subtracted from the total 
amount o f E D T A  used.
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8.2 Experimental Results & Discusion
8.2.1 Mitigation of Crystallisation Fouling
8.2.1.1 Experimental Conditions
The experiments performed in this work are given in Table 8.2. In  order to investigate 
the influence of surface properties on fouling behaviour, other experimental parameters 
(temperatures, flow velocities and solution concentration) were kept at the same 
constant values for all experiments. As can be seen in Table 8.2, the variation o f the 
initial overall heat transfer coefficient for the different surface treatments was little, 
namely between 5,337 and 5,644 W /m 2 K . However, due to the higher heat transfer 
resistance o f the treatment, the TaC coated plates were the only exception, with an 
initial heat transfer coefficient o f only 3,520 W /m 2 K . The initial pressure drop of all 
experiments was 0 .200  ±  0 .020  bar.
The standard experimental conditions were selected as follows:
$ Temperature hot water tank: 86  °C
• Temperature solution tank: 51.5 °C
© Flow velocity hot water: 14.6 cm/s
© Flow velocity solution: 35 cm/s
CaSCfy concentration: 3.0 g/1
Experimental duration: 7,000 min
Due to the long experimental duration o f 7,000 min, and the need o f almost two more 
days for the cleaning and start-up procedure o f each experiment, each surface treatment 
has only been tested once, except the Y t  implanted plates since there have been doubts 
about the reliability o f the result (see section 8 .2 .1.5.1).
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R u n  ID
Plate
No
Surface Treatment
In itial Heat 
Transfer 
Coefficient 
[W /m 2 IC]
Initial 
pressure 
drop [bar]
310399 E Untreated 5556.82 0.215
Ion
 
Im
pl
an
ta
tio
n
200499 5 Si+-Ions 5539.28 0.191
140499 6 H fto n s 5497.75 0.189
280499 6 H fto n s 5435.82 0.196
080499 7 F +-Ions 5435.76 0.181
230799 11 SiF+-Ions 5603.88 0.201
Sp
ut
te
rin
g
300799 10 D L C 5455.31 0.198
080699 1 TaC 3520.66 0.216
120799 3 Amorphous Carbon 5441.20 0.183
C
ar
bo
-
N
itr
id
in
g
110699 4 Nitro-Carbon 5530.95 0.195
C
oa
­
tin
g
040599 9 N i-P -P TFE  (non tempered) 5337.31 0.188
250699 8 N i-P -P TFE  (tempered) 5455.52 0.189
R
ou
gh
­
ne
ss
240599 A Electropolished 5644.63 0 .200
010699 B Pickled 5560.77 0.205
Table 8.2: Experimental conditions
8.2.1.2 Surface Properties of Heat Exchanger Plates
This chapter gives characteristic data for the investigated surface treatments obtained 
from the surface energy and surface roughness measurements. The values o f the contact 
angles for the different treatments can be seen in Table 8.3. In  this work, only the 
measurements for the low energy surfaces (one liquid method, see chapter 5.1) were 
performed. The contact angles for the untreated, electropolished and pickled plates (two 
liquid method) were taken from the work of Muller-Steinhagen et al. (1999), and have 
been measured dynamically using the W ilhelm y plate principle. Davies and Rideal 
(1963) give a description o f this measurement method in their work.
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Surface Treatment Contact Angles [°]
Water Benzyl
Alcohol
Ethylene
Glycol
nllexane n-Hexa-
decane
Untreated 79.2 - - 65.3 72.6
Si+ implanted 108.4 69.2 71.5 - -
E t  implanted 86.9 30.6 70.4 - -
F4 implanted 85.9 34.6 74.1 - -
SiF+ implanted 83.3 39.0 82.1 - -
D L C 74.0 51.4 46.7 - -
TaC 128.8 108.9 100.7 - -
Amorphous Carbon 99.7 36.9 74.0 - -
Nitro-Carbon 94.5 36.7 66.9 - -
N i-P -P TFE  (non tempered) 72.0 46.9 69.6 - -
N i-P -P TFE  (tempered) 75.6 25.3 59.9 - -
Electropolished 107.3 - - 67.6 74.5
Pickled 76.1 - - 61.4 68.7
Table 8.3: Contact angles o f investigated heat exchanger plates
The surface energies o f the treated heat exchanger plates in Table 8.4 were calculated 
from the contact angles in Table 8.3 using the Owens, Wendt, Rabel &  Kaelble method 
and the Schultz method* (see chapter 5.2.1 and 5.2.2). Figure 8.9 shows the disperse 
and polar components o f the evaluated surface energies.
As can be seen, the surface energies of the untreated, the electropolished and the pickled 
stainless steel surfaces are much higher than those o f ion implanted, ion sputtered, 
carbo-nitrated and coated surfaces. The values for these three high-energy surfaces vary 
between 85.0 and 89.0 mJ/m2 with polar contributions ranging from  22.6 to 26.1 mJ/m2.
* In case of untreated, electropolished and pickled plates, contact angles with water and air as the 
embedding phase were measured, but were not considered further for the calculation of the surface 
energy.
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The polar contributions to the total surface energy in these three cases and in the cases 
of N i-P -P TFE  and D L C  sputtered plates are higher than in case o f the other surface 
treatments (as can be seen in Figure 8.9)
The values obtained for the ion-implanted surfaces correspond to earlier measurements 
performed by Miiller-Steinhagen et al. (1997). The surface energies for F +, Si+, H *  and 
SiF+ implanted surfaces vary only slightly between 24.82 and 33.28 mJ/m2 with very 
low polar contributions.
Amorphous Carbon sputtered and carbo-nitrated surfaces show values for the surface 
energies o f around 40 mJ/m2 with negligible polar pails, whereas the surface energy o f 
the D L C  treatment (31.06 mJ/m2) exposes a polar component o f more than half the total 
surface energy. The TaC sputtered plates show a very low surface energy o f only 7.51 
mJ/m2 with a negligible polar part. On the other hand, the values obtained for the 
surface roughness o f TaC  are approximately ten times higher than for all the other 
treatments (see Figure 8.10).
The total surface energies o f the two N i-P -P TFE  treatments (tempered and non­
tempered) are around a value of approximately 30 mJ/m2. The polar component could 
be reduced in case o f the tempered polymer coating.
The measured surface roughnesses of the treated plates are shown in Figure 8.10 and 
8.11, respectively. The surface roughnesses o f all heat exchanger plates are fairly 
similar, except for the TaC treatment. The differences in surface roughness for 
untreated, pickled and electropolished plates are less significant than expected (see 
Figure 8.10). Untreated and pickled plates show almost the same values for Ra, and only 
the electropolished plates present the expected smoother surface finish. The 
measurements show that in all cases the sides of the corrugations are rougher than top or 
bottom, which is due to the production process of the plates.
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Surface T reatm ent Surface Energies [m J/m 2]
Ys Y s° YsP
U ntreated 88.30 64.40 23.30
Si+ implanted 27.77 27.77 0 .00
H * implanted 33.28 31.78 1.50
F* implanted 29.77 27.33 2.44
SiF* implanted 24.82 19.84 4.97
D L C 31.06 14.08 16.98
TaC 7.51 7.46 0.06
Amorphous Carbon 43.26 42.99 0.27
Nitro-Carbon 39.07 39.01 0.06
N i-P -PTFE  (non tempered) 28.82 10.30 18.52
N i-P -PTFE  (tempered) 32.64 24.96 7.58
Electropolished 85.00 62.40 22.60
Pickled 89.00 62.90 26.10
Table 8.4: Surface energies o f investigated heat exchanger plates
Figure 8.9: Disperse and polar components o f  surface energies and contact angles
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top
I
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side
bottom
a Untreated a  Si+ bns
B H+ bns B F+ bns
a  SiF+ bns a  DLC
B TaC □  Amorphous Carbon
□ Mtro-Carbon B Ni-P-PTFE (non terrpered)
B Ni-P-PTFE (tempered) B Electropolished
B Pickled
■I
4 .0 0  4 .5 0
Figure 8.10: Surface roughness o f  heat exchanger plates
CC
Figure 8.11: Different surface roughness values for the side o f the corrugation
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8.2.1.3 Untreated Heat Exchanger Surfaces & Reproducibility
Figures 8.12 and 8.13 show fouling resistance and pressure drop curves obtained for 
untreated stainless steel A lfa  Laval M 3  plates. The experiment is compared with the 
results for the same plates obtained by Zettler/Kho (1997/1998), which were performed 
under identical experimental conditions (see section 8 .2 .1.1).
As can be seen from Table 8.2, each experiment with the surface treated plates has been 
performed just once, and there are no other data available, which describe the influence 
of these surface treatments on crystallisation fouling when applied to PHEs. It is, 
therefore, important to ensure that the measured fouling behaviour with the untreated 
plates is reproducible. The experimental runs in Figure 8.12 and 8.13 respectively are 
used in order to demonstrate the reproducibility o f the experimental results in this work, 
since the fouling behaviour of untreated stainless steel plates o f this type is already 
well-known from the work o f Zettler/Kho (1997/1998).
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heat exchanger plates
Figure 8.12: Variation o f fouling resistance with time for untreated Alfa Laval M3
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Tim e [m ln ]
Figure 8.13: Variation o f pressure drop with time for untreated Alfa Laval M3 heat
exchanger plates
As can be seen from Figure 8.12, the fouling resistance curves are nearly identical, 
reaching the same value for the asymptotic fouling resistance. The initial period and the 
initial fouling resistance from previous work (Zettler/Kho 1997/1998) could be 
confirmed in this work. The pressure drop curve in Figure 8.13 is almost covering the 
measured values o f Zettler/Kho. Due to different ‘top-up’-times, the pressure drop 
values at the end o f the runs differ slightly from each other.
The C aS 0 4 concentration in the experiments shown in Figures 8.12 and 8.13 and in all 
other experiments in this work was maintained within ±  10 % of its initial value 
throughout the experimental run. Therefore, ‘topping up’ o f the aqueous salt solution 
was necessary depending on the fouling behaviour, which means adding of the required 
amount of salts in order to restore the calcium sulphate concentration to the initial value.
For the pressure drop curves in Figure 8.13, ‘topping up’ points are indicated by sharper 
increases in the slope o f the pressure drop curve, resulting from the increased reaction
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rate. However, there was no corresponding influence of ‘topping up’ on the fouling 
resistance curve, since the pressure drop is strongly influenced by the build up of 
fouling deposits in the outlet region of the flow channel. This does not influence the 
heat transfer, since the inlet and outlet regions of the plates are not part of the heat 
transfer area. Due to the formation o f salt deposits in this region, the cross-sectional 
area is reduced significantly, leading to higher flow velocity. Since the pressure drop is 
proportional to the velocity squared (see section 8.1.3), the rise in pressure drop is 
substantial.
This ‘topping up’ effect on the pressure drop can be seen in all experiments carried out 
in this work. Usually, ‘top up’ procedures were carried out at identical times in each 
experiment, which is important in order to obtain comparable results. However, 
depending on the deposit formation on the treated and untreated surfaces, and on the 
subsequent decrease in CaSC>4 concentration, this was not always possible.
In Figure 8.14, two S E M  pictures o f fouling layers of the untreated stainless steel plates 
are shown. The pictures allow a look between two fouling layers growing in the flow  
channel. The left picture with the lower magnification exposes the upper and lower 
boundaries of the flow channel formed by the wavy corrugations.
Figure 8.14: SEM pictures o f  crystal layer o f  untreated plates
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As can be seen, the crystals were growing vertically from the heat exchanger surface 
into the flow channel. According to Bansal (1994), a gypsum crystal can be divided into 
two parts; the root and the growth (see Figure 8.15). Root is the initial (bottom) part of 
the crystal and growth represents the grown part o f the crystal. For a crystal growing on 
the heat exchanger surface, the root attaches to the surface and the crystal itself grows 
into the space between the adjacent plates. The grown parts o f the crystals can be 
identified easily in the right S E M  picture with the higher magnification on the right 
hand side o f Figure 8.14, whereas the roots are hidden by micro-crystals.
The letters a) to f) in Figure 8.15 refer to the different modifications o f gypsum or 
calcium sulphate dihydrate (C aS 04 - 2 H 20 )  crystals. Ludwig and Kuhlmann (1974) 
classified gypsum crystals according to the type of deformations. The crystals in 
modification a) to d) are grown together, whereas in case e) and f), the crystals are 
grown separately from each other, surrounding impurities (e) and containing non 
hydrated parts (f), respectively.
Zettler/Kho (1997/1998) measured the overall heat transfer coefficient U for diagonal 
and side flow arrangements with A lfa  Laval M 3  plates at different Reynolds numbers 
Re. They fitted Equation (7.6) (see Chapter 7.2) to the measured curve and gave the
Root
Figure 8.15: Different parts & shapes o f gypsum crystals 
(Bansal, 1994; Ludwig, Kuhlmann, 1974)
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following dimensionless correlation for the heat transfer in diagonal and side flow  
arrangement of the plates under clean conditions:
r .. \0-17
(8.14)Am =  0.38 • P e065 - P r 033 P
 ^ P i  vail f
The Reynolds numbers varied between 1,800 and 7,400. The pressure drop Ap was 
measured for the same range o f Reynolds numbers. The Equations (7.15) and (7.23) 
were then used to curve-fit the parameters in order to give a correlation for the friction 
factor under clean conditions for side and diagonal flow arrangements:
f - j ? * -  (8-15)
A  comparison o f the dimensionless heat transfer correlation from Zettler (1997) with 
the recently developed model from M artin (1998), which was introduced in section 7.2, 
is given in Table 8.5.
M a r t in  (1998) Z e ttle r (1997)
Correlation/
Model
f  d V /3 
Am =  0.4038- %-Re2 - ^  -P r 1/3
(  V’17
Nu =  0.38 • Re0'65 • / V 0'33 • ^
(  P w a ll j
Constant c 0.4038 0.38
Exponent n 0 . 3 3 - 0 . 6 3 0.65
Exponent m 0.33 0.33
Exponent x - 0.17
Table 8.5: Comparison between Martin model and Zettler correlation
The M artin model does not include the term for the viscosity correction between the 
bulk fluid and the fluid near to the wall. M artin implemented geometric parameters of 
the heat exchanger plates and the friction factor in his model. As can be seen from Table 
8.5, the values for the constant and exponents are nearly the same. M artin  has chosen an 
empirical equation for the friction factor which is similar to Equation (8.15). 
Therefore, the value for the exponent n varies depending on the flow  regime, i.e. 
laminar or turbulent. Run 310399 (Zettler, 1997) is used as a reference experiment in
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the following presentation and discussion of the results obtained with the treated heat 
exchanger plates.
8.2.1.4 Effect of Corrugation Angle
In this subsection the fouling behaviour o f 30730°, 60730° and 60760 ° corrugated 
channels are investigated. A fter a brief characterisation o f the different channels in 
terms of pressure drop and heat transfer under clean conditions, the results of fouling 
experiments are presented.
8.2.1.4.1 Pressure Drop under Clean Conditions
The pressure drop for flow  channels o f 30730°, 60730 ° and 6 0760 ° corrugation was 
measured for flow  velocities from 15 cm/s up to 100 cm/s. The pressure drop is plotted 
against the nominal flow  velocity in the channels in Figure 8.16.
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Figure 8.16: Pressure drop versus flow  velocity in 30730°, 6 0730 °
and 60760 ° channels
Using Equation 7.13, rearranged for the fanning friction fa c to r ,/c a n  be determined 
from the experimental data. The result is shown in Figure 8.17
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Figure 8.17: Fanning friction factor f  versus Reynolds number in 30°/30°, 60°/30° and
60°/60°channels
By curve-fitting the constant and the exponent in Equation 7.16 an equation for the 
friction factor was obtained. The lines in Figure 8.17 represent the calculated friction 
factor for the 30°/30°, 60°/30° and 60°/60° channel, respectively The values of the 
parameters for the different channels are given in Table 8 .6 .
30°/30° 60°/30° 60°/60°
fcturb 0.4435 0.4856 1.0030
m 0.0657 0.0230 0.0090
Table 8.6: Curve-fitted parameters fo r  fanning friction factor f
These parameters were used to calculate the pressure drop as a function o f the flow  
velocity, as also presented in Figure 8.16. As can be seen from Figure 8.17, the flow  
regime is not fu lly  turbulent for Reynolds numbers below 1000. Therefore, Equation 
7.16 was fitted only above Reynolds numbers o f 1000.
8.2.1.4.2 Heat Transfer under Clean Conditions
Similar to the above pressure drop experiments, the heat transfer was measured for the 
three flow  channels under clean conditions. Rearranging Equation 7.3 for the overall 
heat transfer coefficient, U can be calculated from experimental data. The heat transfer
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area per plate is given in Table 8.1. Equation 7.6 was used to obtain an equation for the 
Nusselt number for the solution side by curve-fitting the constant and the exponents to 
experimental data. In Figure 8.18 the measured and the curve-fitted heat transfer 
coefficients are plotted against the Reynolds number.
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Figure 8.18: Measured and curve-fitted heat transfer coefficients for 30°/30°, 60°/30c
and 60°/60° channels
The values for curve-fitted parameters in Equation 7.6 are given in Table 8.7.
3 0730 ° 60730° 60760 °
c 0.2095 0.3260 0.3800
n 0.6500 0.6500 0.6500
m 0.3300 0.3300 0.3300
Table 8.7: Curve-fitted parameters fo r  Equation 6.6
The physical properties o f the fluids were corrected by polynomial functions o f the bulk 
temperature.
The Nusselt number can also be calculated using the Leveque equation, Equation 8.16, 
where % =  4 /
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Nu
Pr.0.33 ’
| -R e 2 - -
L
\h
(8.16)
where the theoretical value for the constant fy is
34/3
and for the exponent fy is 1/3,
4-r(i/3)
According to M artin (1996), these parameters should be fitted to experimental data for 
industrial exchangers.
Using Equation 7.16 together with the parameters from Table 8.6  to calculate the 
friction factor, Equation 7.10 was found to give good agreement with experimental data 
for the parameters lj=0.483  and fy= 1/3. The result is shown in Figure 8.19.
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Figure 8.19: Measured and curve-fitted overall heat transfer coefficients for 30730°, 
6 0730 ° and 60 7 6 0 ° channels. Curve-fitted to Leveque equation
The heat transfer coefficient and pressure drop in the 30730 ° channel are smaller than 
in the 6 0760 ° channel. This is a result o f the smaller level o f turbulence in the 30730 °  
channel. The interaction o f crossing sub-streams is not negligible. This means that the 
swirling motion mentioned in Chapter 7.4, which is induced by the crossing of sub­
streams, has no component in the opposite direction o f the main flow  direction of the 
individual sub-stream. The laminar film  is not reduced as effectively as in the 60760°
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channels. This results in a lower velocity gradient close to the wall and hence lower 
shear stress. The larger viscous sublayer leads to a higher convective heat transfer 
resistance and, therefore, to a smaller overall heat transfer coefficient.
The momentum and heat transfer in 6 0730 ° channels is between that in the two 
symmetrically corrugated channels. This may be related to the mixed flow  pattern, 
mentioned in Chapter 7.4.
8.2.1.4.3 Fouling Behaviour
Figure 8.20 shows fouling curves for 30730°, 60730 ° and 6 0 7 6 0 ° corrugated flow  
channels. The solution was topped up, when the concentration o f C aS 04 in the solution 
tank fell 5%  below the initial concentration. A ll experiments were carried out under the 
same conditions:
® Nom inal flow  velocity solution side: 35 cm/s
•  Nominal flow velocity hot water side: 14.6 cm/s
•  Solution concentration C aS 04: 3.0 g/1 ±  5%
•  Solution tank temperature: 51.5°C
•  Hot water tank temperature: 86°C
The fouling runs are not long enough to determine the asymptotic fouling resistances of 
the channels. However, Figure 8.20 gives the impression that this value may decrease 
from the 30730 ° channel with increasing corrugation angle. The initial fouling rate, 
however, which is the slope o f the fouling curve at time zero, increases in that order.
This implies that the deposition rate in 60 7 6 0 ° channels is higher than in the others due 
to higher mass transfer, but the asymptotic fouling resistance is reduced more efficiently 
due to high shear stress. In  accordance, with the results of the heat transfer and pressure 
drop experiments this trend continues with decreasing corrugation angles. Mathematical 
modelling o f fouling behaviour has been conducted in an additional study and can be 
seen in Appendix D .
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Figure 8.20: Fouling resistance versus time for 30°/30°, 60 °/30° and 60 °/60° channels
In further work a fouling model has been developed and fitted to this experimental data. 
This model was based on the reaction and diffusion controlled mass balance, which 
considers the dependence o f the fouling resistance on the concentration of the foulant, 
the flow velocity and the corrugation angle o f the flow channel. This part o f the work 
can be seen in Appendix D , as the results are still o f qualitative nature, only.
8.2.1.5 Effect of Surface Modifications on CaS04 Fouling
8.2.1.5.1 Ion Implanted HE Plates
In Figure 8.21 and 8.22, the fouling resistance and pressure drop o f F*, Si+ and SiF* ion 
implanted heat exchanger plates are compared to untreated plates. As can be seen, there 
is a significant effect of ion implantation on fouling. The Si+ implanted plates show the 
highest reduction in fouling resistance, reaching an asymptotic fouling resistance of 6.6 
• 10-6 m2 KAV compared to 20.6- 10-6 m2 KAV of the untreated stainless steel plates. 
The value for the fouling resistance o f the F* implanted plates is still almost only half o f 
the value o f the stainless steel plates (11.6* 10-6 m2 KAV).
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Figure 8.21: Effect o f ion implantation (F*, Si+ and SiF* ions) on the variation of  
fouling resistance with time
The fouling resistance curve o f the SiF* implanted plates fluctuates between those o f the 
Si+ and the F4 implanted plates. Up to an experimental duration o f approximately 3,500 
min, the fouling behaviour is almost identical to that of the Si+ implanted plates. It then 
follows the fouling curve of the F* implanted plates reaching almost the same final 
fouling resistance.
The order of the recorded pressure drops in Figure 8.22 corresponds to the observed 
fouling curves in Figure 8.21. The pressure drop for the Si+ implanted plates remains 
almost constant throughout the whole experimental run. F* ion implantation decreased 
the pressure drop to a value of 0.75 bar at the end of the experimental run compared to 
almost 1 bar in case of the untreated plates. The pressure drop o f the SiF* implanted 
plates after 7,000 min lays between those o f the Si+ and F* implanted plates, 
corresponding to the observed fouling resistances for these treatments.
0 1000 2000 3000 4000 5000 6000 7000
Tim  e [m In ]
- 187-
Mitigation o f  Cooling Water Fouling in PHE’s
Tim e [m in]
Figure 8.22: Effect o f ion implantation (F+, Si+ and SiF+ ions) on the variation o f  
pressure drop with time
Figure 8.23 shows photographs o f the solution flow channel after it has been opened at 
the end o f each experiment. It can be seen that the fouling layer is always located in the 
top, high temperature and low flow velocity region, where the conditions for 
crystallisation are most favourable. The untreated pair o f plates shows the largest 
fouling layer, and the Si+ implanted plate pair exposes the smallest amount o f deposited 
CaSCfy crystals.
It was observed that the surface colour of the F* implanted plates changed into yellow- 
green after the run, which might be caused by a diffusion process o f the implanted F + 
ions towards the heat transfer surface. Another reason for this colour change may be 
chemical reactions, since the colour change occurred preferentially at regions o f the heat 
transfer surface where crystallisation fouling took place. Repetition o f the run with these 
plates intensified the colour change. In case o f the Si+ implanted plates a slight change
- 188-
Mitigation o f  Cooling Water Fouling in PHE’s
in surface colour could be observed as well, similar to the colour change o f the F* 
implanted plates.
(a) Untreated plates (b) F* implanted plates
(c) Si+ implanted plates (d) SiF4- implanted plates
Figure 8.23: Photographs showing the fouling layers on untreated and ion implanted
plates
As already mentioned in section 8 .2.1.1, the H 4" implanted plates have been investigated 
twice due to their different fouling behaviour. The first run (Run ID  140499) had to be 
aborted after around 4,100 min, because of the rapidly increasing pressure drop (see 
Figure 8.25). The fouling resistance reached a value of more than 2.0* 10'5 m 2 KAV, 
which is already higher than the value obtained for the untreated plates after 7,000 min. 
As can be seen from Figure 8.24, the slope o f the fouling curve increased significantly 
during the last 200  min o f this run.
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The run was repeated (Run ID  280499) since the observed fouling behaviour for the H + 
implanted plates deviated strongly from the results obtained with the other ion 
implanted plates. The second run with these plates had to be stopped even earlier, after 
an experimental duration o f less than 3,000 min. Figure 8.25 shows that the observed 
curve for the pressure drop is almost equal to the first run, with identical slopes. The 
curve for the fouling resistance in Figure 8.24 shows an exponential behaviour and 
reaches a very high value for the fouling resistance at the end o f the run o f almost 6 .0 - 
10'5 m 2 K /W .
Recent investigations by Muller-Steinhagen et al. (1997) have shown that the 
modification of heater rod surfaces with implantation o f F +, Si+ and H + ions reduces 
CaSCfy scale formation from pure aqueous calcium sulphate solutions in pool boiling 
significantly. Final average heat transfer coefficients o f the implanted surfaces were 
about 100 to 200 % higher than those of the bare surface. Van Buren (1999) 
investigated the influence of Y t  implantation on CaSCfy scale formation from salt 
mixtures in subcooled flow  boiling, and the Y t  implanted heater rods performed as well 
as in case o f pool boiling.
The values obtained for the surface energy of the ion implanted plates do not differ very 
much from each other and they consist mostly o f the disperse component. It was 
expected that the Y t  implanted plates would show a fouling behaviour similar to that of 
the other ion implanted heat exchanger plates, due to the measured values o f the surface 
energy and the former investigations in pool and flow  boiling.
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Figure 8.25: Effect o f Ft-implantation on the variation o f pressure drop with time
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This behaviour is further confirmed by an examination of the photographs of the fouled 
plates o f these runs in Figure 8.26. A  comparison o f the fouling layer o f the H 4 
implanted plates with the fouling layers o f the other ion implanted plates shows that the 
H * implanted plates had the largest coverage of the heat transfer area. Since almost the 
complete cross-sectional area is blocked, the pressure drop increased rapidly and 
reached values of almost 3.0 bar. It could also be observed that the H + implanted plates 
had a higher stickiness than the other ion implanted plates. Since hydrogen is colourless, 
a change in surface colour was not observed.
(a) Untreated plates
(b) H + implanted plates (c) H + implanted plates
Run ID  140499 Run ID  280499
Figure 8.26: Photographs showing the fouling layers o f  untreated and H* implanted 
plates
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8.2.1.5.2 Ion Sputtered, Carbo-Nitrated and Oxidised HE Plates
Fouling resistance and pressure drop curves for ion sputtered and carbo-nitrated &  
oxidised heat exchanger plates are shown in Figure 8.27 and 8.28 respectively. Carbo- 
nitriding &  oxidising reduces the fouling resistance to around half the value of the 
untreated stainless steel plate, but increased the final pressure drop o f the run slightly to
1.2 bar compared to less than 1.0 bar in case o f untreated plates. Sputtering with 
Amorphous Carbon led to almost the same reduction in fouling resistance, but reduced 
the pressure drop at the end of the run to a value o f around 0.6 bar. Although the initial 
period is increased using D L C  sputtered plates, the asymptotic fouling resistance could 
not be reduced, and the pressure drop is even twice as high as in case of the untreated 
heat exchanger plates.
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Figure 8.27: Effect o f ion sputtering (Amorphous Carbon and DLC) and carbo-
nitriding & oxidising on the variation o f fouling resistance with time
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Figure 8.28: Effect o f ion sputtering (Amorphous Carbon and DLC) and carbo- 
nitriding & oxidising on the variation o f pressure drop with time
The photographs of the fouling layers are given in Figure 8.29. As can be seen, the 
fouling layers o f the untreated (a) and the D L C  sputtered plates (d) are o f nearly the 
same size, whereas in case of the D L C  sputtered plates, the cross-sectional area is more 
reduced. This corresponds to the fouling behaviour shown in Figures 8.27 and 8.28. 
Corresponding to the lowest fouling resistance, the carbo-nitrated &  oxidised plates 
show the smallest amount o f deposited crystals.
Based on the surface energy of the D L C  treated plates, the amount o f deposited salt 
crystals should be less than in case o f the carbo-nitrated &  oxidised and Amorphous 
Carbon sputtered plates, or at least not as much as in case o f the untreated stainless steel 
plates.
According to Muller-Steinhagen et al. (1997), the polar component of the surface 
energy plays an important role in deposit adhesion on a metal substrate. The polar 
components o f surface energy o f the carbo-nitrated &  oxidised and Amorphous Carbon
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sputtered plates can be neglected. The polar part o f surface energy o f the D L C  sputtered 
plates is more than 50 %  o f the total surface energy, which may be a reason for the 
observed fouling behaviour of this treatment.
(a) Untreated plates (b) Carbo-nitrated &  oxidised plates
(c) Amorphous Carbon sputtered plates (d) D L C  sputtered plates
Figure 8.29: Photographs showing the fouling layers on untreated, ion sputtered 
(DLC and Amorphous Carbon) and carbo-nitrated & oxidised plates
On the other hand, van Buren (1999) investigated the effect o f variations in heat flux, 
flow velocity, bulk temperature and composition o f an aqueous CaSCVCaCOs salt 
solution on fouling behaviour of D L C  sputtered heater rods in subcooled flow boiling. 
The D L C  treatment performed most effectively since the lowest fouling resistance 
values were observed for this treatment and variations of the experimental parameters 
had almost no influence on the fouling behaviour. So far, no plausible explanation for 
this discrepancy has been found.
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The fouling behaviour o f the TaC sputtered plates is given in Figure 8.30 to 8.33. As 
can be seen from the fouling resistance curves, no asymptotic trend o f the fouling 
resistance could be observed at all. Due to the very rapid increase and the high value of 
the pressure drop of 2.5 bar, the run had to be stopped after an experimental duration of 
only 1,800 min. Flowever, this experiment may explain a lot about the opposing effects 
of low surface energy and high surface roughness on the fouling behaviour.
The value for the total surface energy o f the TaC treated plates is the lowest one o f all 
plates investigated in this work (7.51 mJ/m2). On the other hand, the measured surface 
roughness of this treatment is approximately ten times higher than the values of all the 
other plates (see Figure 8.10). Figure 8.32 shows microscopic photographs o f the 
surface conditions o f the TaC sputtered plates (b) compared to the untreated plates (a).
0 1000 2000 3000 4000 5000 6000 7000
Time [min]
Figure 8.30: Effect o f ion sputtering (TaC) on the variation o f fouling resistance with
time
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Figure 8.31: Effect of ion sputtering (TaC) on the variation of pressure drop with time
(a) Untreated plate (b) TaC sputtered plate
Figure 8.32: Microscopic photographs of TaC sputtered and untreated plate
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(a) Untreated plates (b) TaC sputtered plates
Figure 8.33: Photographs showing fouling layers on untreated and TaC sputtered 
plates
During the first 500 min o f  the experimental run, the fouling resistance increased 
rapidly to a value o f  around 1.0* 1 0 5 m2 K /W , although the surface energy o f  this 
treatment was found to be very low. Due to the thermal resistance o f  TaC (see Table
8.3), the surface temperature o f  the heat exchanger plates was lower than in case o f  the 
other plates. This should have led to less deposit formation (see chapter 7.5), hence 
supporting the reduction in deposit formation associated with the low  surface energy 
effect o f  the TaC treatment. Therefore, it is most likely that the high surface roughness 
has overcom e the effect o f  low  surface energy and lower surface temperature, providing 
an increased number o f  nucleation sites for the crystallisation process.
After 500 min o f  experiment, the curve for the fouling resistance decreased rapidly, 
reaching a negative minimum value for the fouling resistance after approximately 1,000 
min. With regards to photograph (b) in Figure 8.33, one can see that parts o f  the coating 
layer detached from the metal surface o f  the right plate (see arrows). This increased the 
overall heat transfer coefficient remarkably because o f  the high heat transfer resistance
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o f  the treatment material, and it even overcom es the strong increase in fouling 
resistance caused by the rapid deposition o f  salt crystals onto the heat transfer surface. 
However, after an experimental duration o f  around 1,000 min, the amount o f  deposited 
crystals is large enough to outweigh this increase in heat transfer coefficient and, hence 
the fouling resistance increased again until the run had to be terminated after 1,800 min.
Using the stylus method for the evaluation o f  the surface roughness (see chapter 5.4), an 
approximate estimation o f  the thickness o f  the TaC layer can be obtained. The 
thickness, sTaC, was estimated to a value o f  around 7 pm. Applying the definition o f  the 
overall heat transfer coefficient U in Equation 7.4 to untreated and TaC sputtered plates 
allows the calculation o f  the thermal conductivity XTaC o f  the TaC material from  
Equation (8.17):
_ ± ______________ [ ______ ___ S TaC
U T a C  U  untreated ^ T a C
(8.17)
UTaC and Uuntreated are the initial heat transfer coefficients displayed in Table 8.2. The
thermal conductivity o f  TaC is then calculated to a value o f  0.067 W /m  IC. Renz (1996 
b) gives thermal conductivities for various insulation materials, e.g. cork with a thermal 
conductivity o f  0.042 W /m  IC. The thermal conductivity o f  TaC is o f  same order as that 
o f  the insulation materials. The thermal conductivity o f  stainless steel can be found as a 
value o f  around 20 W /m  IC, which is two orders o f  magnitude higher than TaC (V D I- 
Warmeatlas, 1994).
8.2.1.5.3 Ni-P-PTFE Coated HE Plates
In Figures 8.34 to 8.39, the results obtained from  the fouling experiments with the N i-P- 
PTFE coated plates are shown in comparison to the untreated plates. As can be seen 
from  Figure 8.34, the fouling resistance increased slightly in the first 1,000 min o f  both 
runs and remained at very low  values o f  approximately 2.5- 10'6 m 2 K /W  until the end 
o f  each run. The recorded pressure drops for both runs in Figure 8.35 remained at the 
initial values o f  around 0.2 bar throughout the whole experimental duration o f  7,000 
min. N o fouling layer or even individual salt crystals could be found on the plates as can
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be seen in Figure 8.36. From this point o f  view, it can be said that the Ni-P-PTFE 
coatings (non tempered and tempered) performed most successfully in mitigating 
crystallisation fouling, since no fouling occurred.
0 1000 2000 3000 4000 5000 6000 7000
Time [min]
Figure 8.34: Effect of Ni-P-PTFE coating on the variation of fouling resistance with 
time
Time [min]
Figure 8.35: Effect o f  Ni-P-PTFE coating on the variation o f  pressure drop with time
- 2 0 0 -
Mitigation o f  Cooling Water Fouling in PHE’s
(a) Untreated plates
(b) Ni-P-PTFE (non tempered) (c) N i-P-PTFE (tempered)
Figure 8.36: Photographs showing the fouling layers on untreated & Ni-P-PTFE 
coated plates
Figure 8.37 shows the measured solution conductivity for the runs with untreated plates 
and with Ni-P-PTFE coated plates in comparison plotted against the experimental 
duration. The conductivity o f  the salt solution in the solution tank was measured 
continuously, and whenever a solution sample was taken and the concentration was 
titrated, the value o f  both the concentration and the conductivity were recorded.
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Figure 8.37: Measured conductivities of Ni-P-PTFE fouling experiments
In case o f  the untreated plates, the conductivity decreases due to the deposit formation 
onto the heat transfer surface until the concentration reached the limiting value o f  2.7 g 
CaSCVl H20 .  Adjustment o f  the concentration to the initial value o f  3.0 g CaSO Jl H20  
increased the conductivity compared to the value at the beginning o f  the run, since the 
total amount o f  diluted salts was increased ( ‘topping up’ ). Continuing the experiment 
decreased the conductivity until the concentration had to be adjusted again. The 
concentration adjustment procedure had to be carried out several times during an 
experimental run. Similar conductivity curves could be observed for all experiments in 
this work, but not in case o f  the Ni-P-PTFE coated plates, as shown in Figure 8.37.
Usually, a clear change in colour after adding the corresponding amount o f  ED TA  
solution indicated the concentration o f  the sample (see section 8.1.7). The first titration 
o f  the concentration before starting the data acquisition could be carried out without any 
difficulties. The second concentration check had to be done after an experimental 
duration o f  around 1,000 min, as indicated in Figure 8.37. After adding the necessary 
amount o f  E D TA  solution, no clear change in colour occurred. The colour changed into
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violet and remained in this state. After approximately 2,500 min, the third titration had 
to be carried out and no change in colour could be observed at all, not even after adding 
more than the necessary amount o f  E D TA  solution for a calcium  sulphate concentration 
o f  3.0 g/1 H20 .  A ll follow ing titration procedures showed the same behaviour as 
described for the third titration, and the same observations were made with both Ni-P- 
PTFE treated set o f  plates.
Corresponding to the observed fouling behaviour, the CaSCL concentration o f  the 
aqueous test solution was expected to be constant in both experimental runs throughout 
the whole experiment, since no fouling could be observed. Therefore, the conductivity 
should remain at the initial value. In fact, a slight increase in conductivity could be 
observed, as can be seen in Figure 8.37. T o  provide some evidence about the CaS0 4  
concentration the samples taken during the experiments have been analysed at BASF- 
AG . The results can be seen in Figure 8.39. The CaSC>4 concentration stayed constant at
3.0 g/1 during the duration o f  the run.
Since no salts were added in order to adjust the concentration, it was suspected that 
dissolved substances from  the surface treatment o f  the heat exchanger plates may have 
caused this increase in conductivity, and also the difficulties in using the titration 
method for the determination o f  the CaSC>4 concentration. One solution sample was 
analysed by the Chemistry Department at the University o f  Surrey, and an amount o f  5 
m g Ni/1 solution was found. Phosphorus was found to be below  the detection limit and 
definitely below  15 m g P/1 solution. The more detailed analysis by B A SF  shows an 
increase o f  Ni content in the solution from  0 mg/1 to 5 mg/1 (Figure 8.39) over the 
duration o f  the experiment. The traces o f  N ickel seem to have a significant influence on 
deposit formation and the solubility behaviour o f  the CaSC>4 solution. Unfortunately no 
solubility curve o f  N i-C aS 04 mixtures could be found in the open literature.
Figure 8.38 shows two m icroscopic photographs o f  the non-tempered Ni-P-PTFE 
coated plates, taken after the experimental run. The plates have been cleaned after the 
run with a soft sponge using deionised water and liquid detergent. Picture (a) indicates a 
treatment damage around a contact point, where two corrugations were pressed
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together. As can be seen, an oval mark remained on top o f  the corrugation o f  the plate, 
which was not observed in case o f  all the other investigated plates. Figure (b) shows a 
relatively large damaged area on top o f  a corrugation. These larger damages can be 
found preferentially at the hot areas o f  the plates, where the hot water enters and the 
solution leaves.
(a) Top o f  corrugation, contact point after (b) Top o f  corrugation, larger damage 
run i mm after run 1 mm
Figure 8.38: Microscopic photographs of Ni-P-PTFE coated plates (non-tempered)
Considering the fact that substances from the treatment were probably dissolved in the 
aqueous salt solution, it leads to a different interpretation o f  the fouling behaviour 
obtained with this treatment. There might be another reason for the significant reduction 
in fouling resistance, or better said the almost com plete elimination o f  fouling in case o f  
the Ni-P-PTFE coating, apart from the surface energy effect. Since the values obtained 
for the surface energies o f  the Ni-P-PTFE coated plates are o f  same magnitude than for 
the ion implanted plates, but with higher polar contributions (see Figure 8.9), their 
performance was not expected to be better than in case o f  the ion implanted plates. It 
seems to be most likely that the dissolved substances had a profound influence on the 
solubility behaviour o f  the salts in the aqueous solution.
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Figure 8.39: Results from analysis of CaSO4 solution used in Ni-P-PTFE runs.
After both runs with the Ni-P-PTFE coated plates, a cleaning run with aqueous acetic 
acid solution was necessary in order to perform other crystallisation fouling runs. A  
cleaning procedure with just deionised water as in case o f  all the other experiments was 
not sufficient.
Zhao and Muller-Steinhagen (1999) performed experiments with Ni-PTFE coated 
heater rods in subcooled flow  boiling with salt mixtures consisting o f  CaSC>4 and 
CaCC>3 and the pure salts in aqueous solutions. They measured a surface energy o f  this 
treatment o f  30 mJ/m2, which is nearly the same as the value for the Ni-P-PTFE coating 
used in this work. The observed fouling behaviour corresponds to the results shown in 
Figure 8.34. However, they did not perform concentration measurements during the 
experimental run.
The 'positive effect' o f  Ni-P-PTFE treatment in CaSC>4 fouling might be due to nickel 
dissolving from the surface treatment or to the low surface energy. T o  investigate, a 
further experiment was performed using stainless steel plates and adding 10 mg/1 NiSC>4 
to the CaSC>4 solution. Almost no fouling was observed, as can be seen from Figure 
8.40. It would, therefore, appear that the presence o f  nickel in the fluid plays a key role
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in the mitigation o f  fouling. O f course, nickel is a highly undesirable contaminant for 
most process fluids. Ni-P-PTFE treatments must, therefore, be im proved to minimise 
nickel leaching from the treatment, especially under high shear conditions as in a plate 
heat exchanger. Such im proved treatments would ultimately render the low  surface 
energy to be the primary contributor to fouling mitigation.
Time [min]
Figure 8.40: Effect of NiSO4 solution on CaSC>4 fouling
8.2.1.5.4 HE Plates with Different Surface Roughness
The results obtained from the investigation o f  the influence o f  surface roughness 
modification on C a S 0 4 crystallisation fouling are given in Figure 8.41 to 8.43. The 
surface energies o f  untreated, electropolished and pickled plates are nearly the same 
(see Figure 8.9), which is beneficial for the investigation o f  the roughness influence on 
fouling.
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Figure 8.41: Effect of surface roughness on the variation of fouling resistance with 
time
As can be seen from the measured surface roughness in Figure 8.10, the difference 
between the Ra values for untreated and pickled plates can almost be neglected. The 
chosen pickling process was not sufficient to achieve a rougher surface than in case o f  
the untreated plates. Therefore, the fouling behaviour obtained for these plates in Figure 
8.41 and 8.42 differs only slightly from  each other.
In case o f  the electropolished plates, a smoother surface finish could be achieved, 
resulting in less fouling. The asymptotic fouling resistance could be reduced to half the 
value o f  the untreated plates and the pressure drop decreased to a value o f  around 0.4 
bar after 7,000 min experimental duration compared to values o f  around 1.0 bar for the 
rougher plates.
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Figure 8.42: Effect of surface roughness on the variation of pressure drop with time
The visible ‘gap’ in the curve for fouling resistance and pressure drop o f  the 
electropolished plates is due to failure o f  electrical power for approximately 500 min. 
The run was continued, but the data were not recorded for this period.
The photographs o f  the fouling layers in Figure 8.43 are corresponding to the observed 
graphs in Figure 8.41 and 8.42. The fouling layers o f  untreated (a) and pickled (c) plates 
are o f  nearly the same size, whereas the electropolished plates (b) show a reduced 
amount o f  deposited calcium  sulphate crystals.
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(a) Untreated plates
(b) Electropolished plates (c) Pickled plates
Figure 8.43: Photographs showing the fouling layers on untreated, electropolished 
and pickled plates
The investigations o f  Zhao and Muller-Steinhagen (1999) showed equal performances 
for untreated, pickled and electropolished heater rods in flow  boiling. They pointed out, 
that the influence o f  surface roughness on crystallisation fouling o f  salts from aqueous 
solutions can be neglected, and they also give several references to other authors whose 
experimental results indicated that surface roughness has no strong influence on fouling 
behaviour.
Zhao and Muller-Steinhagen achieved Ra values with the pickling and electropolishing 
surface treatment o f  11.2 and 0.08 pm respectively. These values are significantly 
higher and lower respectively than the values obtained with these treatment techniques 
in the present work (see Figure 8.10). In case o f  the pickled plates, Ra values o f  less
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than 0.5 pm  on top and bottom  o f  the corrugations and o f  about 0.75 pm  on the sides o f  
the corrugations were achieved. Electropolishing led to nearly the same Ra values on top 
and bottom o f  the corrugations as in case o f  pickling, but sm oothed the sides o f  the 
corrugations (Ra ~ 0.35 pm ). It can be assumed that the pickling process produced 
irregularities on the heater rod surface, which were much larger than a nucleus. 
Therefore, the surface roughness produced had no influence on the deposit formation o f  
the crystals. H owever, the electropolished heater rod surfaces were much smoother than 
in case o f  the electropolished heat exchanger plates, and with regards to the 
observations made with the electropolished plates in this work, they should have led to 
less fouling.
The values for the surface roughness o f  the heat exchanger plates investigated in this 
work differ only slightly from  each other (see Figure 8.10). Only in case o f  the TaC 
sputtered plates, significantly higher values for the surface roughness could be 
measured. The effect o f  the TaC treatment on the fouling behaviour has been discussed 
in detail in chapter 8.2.1.5.2. The high surface roughness was overcom ing the low  
surface energy o f  this treatment providing an enhanced number o f  nucleation sites.
Due to the high degree o f  turbulence in PHEs, the small differences in surface 
roughness between untreated and pickled plates had no influence on the fouling 
behaviour, and can be neglected. Electropolishing led to smoother surface finish 
providing less nucleation sites for a crystallisation process to start and reducing the 
stickiness o f  the surface material, whereas a significantly higher surface roughness (TaC 
sputtered plates) increases fouling remarkably.
8.2.1.5.5 Fouling Behaviour & Surface Properties
In sections 8.2.1.5.1 to 8.2.1.5.4, the results obtained from  the crystallisation fouling 
experiments with the treated heat exchanger plates were discussed in detail with 
reference to the treatment technologies. In this subsection, the influence o f  surface 
energy on crystallisation fouling will be discussed using all the fouling resistance curves 
given in the previous chapter. Apart from  the TaC sputtered and electropolished plates
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(see chapter 8.2.1.5.2 and 8.2.1.5.4 respectively), an influence o f  surface roughness on 
crystallisation fouling was not observed since the differences in surface roughness o f  
the heat exchanger plates were not significant (refer Figure 8.10 in chapter 8.2.1.2).
The asymptotic fouling resistance curves obtained are characterised according to Figure 
8.44. Four characteristic parameters are used, namely the asymptotic fouling resistance, 
P J , given as the average value calculated from  the last 1,000 min o f  each run, the
maximum pressure drop at the end o f  the experimental run after 7,000 min, Apm(lx, the
initial period (time until the value for the fouling resistance becom es positive), tlnll!al, and
the initial fouling rate, ARf /  A t , which gives the slope o f  the fouling curve after the
initial period. The values o f  these four parameters for each experimental run are 
displayed in Table 8.8.
Figure 8.44: Characteristic parameters of typical asymptotic fouling curve
It was expected that reduced surface energy would lead to 
® reduced asymptotic fouling resistance P  J ,
• reduced maximum pressure drop Apmnx,
® reduced initial fouling rate ARf /  A t , and
® increased initial period tlnllial.
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A  graphical presentation o f  the variation o f  the four parameters with surface energy is 
given in Figures 8.45 to 8.48.
Run Surface Surface R f Apmax Atinitial ARflAt
ID Treatment E nergy
[m J/m 2]
[m 2 K /W ] [bar] [m in] [m 2 K /W  min]
310399 Untreated 88.30 20.60- 10’6 0.96 451.4 5.49- 10'y
200499 Si+ implanted 27.77 6.62- 10° 0.26 195.2 2.48- 10'9
140499 H+ implanted4. 33.28 - 2.80 1260.0 8.81- 10’9
280499 H+ implanted1 33.28 - 2.96 985.8 32.75- 10'9
080499 F+ implanted 29.77 11.60- 10’6 0.74 1026.2 4.47- 10'9
230799 SiF+ implanted 24.82 12.8- 10‘6 0.59 1690.0 2.89- 10'9
300799 DLC 31.06 17.3- 10‘6 1.90 2041.1 5.96- 10‘9
080699 TaC"' 7.51 - 2.50 93.3 27.79- 10’9
120799 Amorphous Carbon 43.26 12.90- 10° 0.59 1832.6 5.80- 10'9
110699 Nitro-Carbon 39.07 9.65- 106 1.15 801.1 2.70- 10‘9
040599
Ni-P-PTFE 
(non tempered)
28.82 2.46- 10‘6 0.19 280.7 5.54- 10’9 |
250699
Ni-P-PTFE
(tempered)5
32.64 1.87- 106 0.20 - -
240599 Electropolished 85.00 9.02- 10‘6 0.39 1480.1 1.66- 10‘9
010699 Pickled 89.00 19.3- 10'6 1.12 898.7 2.74- 10y
Table 8 .8 : Characteristic parameters of CaSC>4 fouling experiments
In Figure 8.45, the asymptotic fouling resistances are plotted against the surface 
energies o f  the treated heat exchanger plates. There is no straightforward correlation 
between asymptotic fouling resistance and sutface energy. The surface treatment with 
the lowest surface energy in this graphical presentation (SiF+ implanted surface) does 
not produce the highest reduction in fouling resistance, but the expected tendency o f  the
* No asymptotic fouling behaviour observed. Run was aborted after 4,130 min 
+ No asymptotic fouling behaviour observed. Run was aborted after 2,700 min.
* Run was aborted after 1,800 min. No asymptotic fouling behaviour was observed.
* No real initial period and initial fouling rate observed.
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dependence between fouling resistance and surface energy could be shown; lower 
surface energy leads generally to reduction in fouling resistance.
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Figure 8.45: Variation of asymptotic fouling resistance with surface energy
Boulange-Petermann et al. (1993) investigated the influence o f  metallic surface 
wettability on bacterial adhesion. They presented the number o f  adhering bacteria 
(Streptococcus thermophilus) as a function o f  the total surface free energy y s . A  direct
relation between the number o f  adhering bacteria and y s could not be found, since for a
given number o f  adhering bacteria, a range o f  surface free energies could be observed. 
However, when they regarded separately the results obtained on apolar surfaces 
0 's  * 0 )  and those obtained on polar surfaces ( y f  > 0 ) ,  then in both parts it was 
obvious that the number o f  adhering bacteria increased with y s .
Considering the carbo-nitrated & oxidised, the Amorphous Carbon and TaC sputtered 
and the ion implanted plates to be apolar surfaces, and the Ni-P-PTFE coated, the DLC 
sputtered and the pickled, electropolished and untreated plates to be polar surfaces (refer
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to Figure 8.9), one can see that no direct relationship between fouling resistance and 
surface energy can be observed.
Visser (1998) points out, that the electric double layer contribution to the overall 
interaction energy o f  a given system (see chapter 5.5.8) might becom e attractive at a 
given pH. In case o f  proteins and mineral particles, it is very well possible that specific 
surface sites are present which are positively charged in water at a given pH, although 
the overall charge o f  the surface is negative. Such a site will be an attractive spot for a 
negatively charged counter species. The presence o f  such oppositely charged sites can 
not be excluded, and may explain why certain surfaces at a given pH are more prone to 
fouling than others, although they expose the same values for the surface energy.
The experimental runs with Et implanted and TaC sputtered plates in Figure 8.46 can 
not be considered when regarding the dependency between surface energy and pressure 
drop, because these runs were aborted before the experimental duration o f  7,000 min 
and before asymptotic fouling was reached. Another fact that has to be considered is the 
high sensitivity o f  pressure drop in PHEs due to deposit formation in the outlet area o f  
the flow  channel (see chapter 8.2.1.3). Therefore, it was more difficult to observe a 
direct correlation between pressure drop and surface energy than in case o f  the fouling 
resistance, which can be seen in Figure 8.46.
Results for the last two parameters, initial period and initial fouling rate, are shown in 
Figure 8.47 and 8.48. In this case, the large statistical variation in these two stages o f  a 
crystallisation process has to be considered. A s could be seen in Figure 8.24 in chapter 
8.2.1.5.1, the observed shape o f  the fouling curves for the two experiments with Et 
implanted plates differed strongly from  each other. Van Buren (1999) could observe a 
similar behaviour when repeating fouling experiments. A  number o f  fouling 
experiments would be necessary in order to minimise these statistical deviations 
resulting from  nucleation and crystal growth processes (see chapter 3.3). This is 
difficult at this screening stage when considering the time needed for each experimental 
run.
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Figure 8.46: Variation of maximum pressure drop with surface energy
The initial period was expected to increase when reducing the surface energy o f  the heat 
exchanger plates. This effect could not be observed in all cases, but the desired 
tendency can be shown (see Figure 8.47).
The expected dependency between initial fouling rate and surface energy (see Figure 
8.48) could not be shown. The initial fouling rate for untreated plates is lower than for 
most o f  the treated surfaces.
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8.2.2 Mitigation of Biological Fouling in PHE
This section covers results from  a set o f  experiments with the new fouling test rig which 
was built at B A SF A G  in Ludwigshafen, Germany. The objective o f  these experiments 
was to study the effect o f  operating parameters and low  fouling heat transfer surfaces on 
biological fouling o f  filtered Rhine water. C ooling water used in this study was 
provided by  one o f  three B A SF waterworks (Wasserwerk Mitte) where the test rig was 
installed. C ooling water was drawn o f f  the cooling  water pipeline directly after the sand 
bed filters without any chemical treatment. For the cooling  water side o f  the PHEs the 
Rhine water was running in a once-through process through the channels, like in real 
applications. Water flow  on both sides o f  the plate heat exchanger was set constant and 
controlled by pneumatic flow  valves. H ot water temperature was kept constant at 50°C 
by steam injection at the hot water inlet o f  both PHE.
During the first few  hours o f  an experiment, the plate heat exchangers (PHEs) had to 
stabilize to operating conditions. Therefore, a mean value for the overall heat transfer 
coefficient, U, was calculated from  process data recorded between the 1st and the 10th 
hour o f  each run. This mean value was used as a zero value, U (t=0), to calculate the 
fouling resistance,
8.2.2.1 Record of Experiments
Table 8.9 illustrates details on the plate types and objectives for each experimental run. 
Standard plates o f  type A lfa  Laval M 3 made o f  stainless steel (1.4571) have been used.
During the first experiments it was the objective to study the influence o f  flow  velocity 
and hot water inlet temperature in addition to optimizing the performance o f  the test rig. 
Operating parameters were selected in order to run comparable experiments. Pressure 
drop measurement did not perform accurately during the first set o f  experiments. An 
extra ventilation valve was required to periodically remove air that accumulated in front 
o f  the pressure drop sensors.
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R un
No.
Plate type What to observe
PHE 1 PHE 2
1 standard standard variation o f  flow  velocity
2 standard amorphous carbon influence o f  plate treatment
3 standard amorphous carbon influence o f  hot water temperature
4 standard nanocrystalline graphite influence o f  plate treatment
5 standard nanocrystalline graphite repetition o f  run N o. 4
6 standard out o f  service achievement o f  a steady state
7 standard silicon ion implantation influence o f  plate treatment
8 standard standard influence o f  chlorine treatment o f  PHE 1
Table 8.9: Experimental record of experiments 
8.2.2.2 First Test Runs with Untreated Plates
The first run was started in Novem ber 1998 with standard A lfa Laval M 3 plates. During 
the first set o f  experiments, cooling water was heated to 20°C  and kept at constant 
temperature by steam injection. Details on the test rig can be found in chapter 8.1.2. 
During the first run, both plate heat exchangers were equipped with standard plates 
made o f  stainless steel.
Variation o f Flow Velocity Flow  velocity was calculated from  mass flow  and free area 
between plates. Mass flow s were adjusted to obtain 0.2 m/s at the hot water side o f  both 
PHE 1 and PHE 2, 0.2 m/s at the cooling water side o f  PHE 1, and 0.4 m/s at the 
cooling water side o f  PHE 2. Inlet temperatures were kept constant to 50°C  (hot side) 
and 20°C  (cold  side), respectively.
The measured fouling resistance was slightly lower for PHE 2 due to the higher flow  
velocity (Figure 8.49). After 9 days o f  constant performance still no asymptotic fouling 
behavior was observed. Figure 8.50 illustrates the overall heat transfer coefficients. 
Mass flow  and temperature data are shown in Figures 8.51.
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Figure 8.51: Mass flow rates for different flow velocities
T o promote fouling, a low flow  velocity o f  0.2 m/s at the cooling  water side was used 
for the second experiment.
8.2.2.3 Effect of Modified HE Plates
Plates with amorphous carbon treatment were used for the cooling  water side o f  PHE 2 
to study the influence o f  surface treatment in comparison to standard stainless steel 
plates (PHE 1). Mass flow s were adjusted to obtain velocities o f  0.2 m/s on both sides 
o f  the plates, inlet temperatures were set to 50°C and 20°C, respectively.
The run was continued over 19 days. During the second day, the fouling resistance was 
suddenly increased by 0 .2 5 x l0 4 m2K /W  (Figure 8.52). This can be explained by a 
sudden exposure to fine particles that originated from a switch o f  the sand bed filters. 
After the shift o f  fouling resistance, its increase was comparable to run No. 1. Due to 
some problems with mass flow  control o f  cooling water after 270 hours, another small 
shift o f  fouling resistance can be observed. Again, no asymptotic behavior was achieved 
within 19 days.
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Figure 8.52: Fouling resistance versus time for run No. 2
Overall heat transfer coefficients (U-values) were higher than those o f  run No. 1 for 
both PHEs. Since only mass flow  is controlled, velocity might change when the distance 
between the plates varies. Due to the compressibility o f  the gaskets, plate distance may 
vary unless it is adjusted very accurately. Therefore, a caliper was used during the 
follow ing experiments to assure constant plate spacing.
Figure 8.53 shows a picture o f  the fouled plates on the cooling water side after run No. 
2. The fouling layer on the treated plate looked quite similar to the untreated plate. The 
thin fouling layer comprised fine river sediments, and the usual variety o f  Rhine water 
microorganisms was found by biological analysis. After drying the plates, the fouling 
layer was almost invisible. From this experiment it was not clear whether the run was 
dominated by biofouling or particle fouling.
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Untreated Plates Amorphous Carbon Treated Plates
Figure 8.53: Photographs of fouled plates
Influence o f hot water inlet temperature, to suppress biofouling, the temperature level 
was increased by increasing the hot water inlet temperature from 50°C  to 80°C. The 
plate types used were the same as in run No. 2 (PHE 1: standard, PHE 2: amorphous 
carbon). T o promote fouling in general, flow  velocity o f  cooling  water was decreased 
further and set constant to 0.1 m/s.
Fouling resistance curves (Figure 8.54) were again similar for both PHEs. In contrast to 
runs No. 1 and 2, fouling resistance did not increase steadily but changed during run 
No. 3. After 130 hours, fouling resistance decreased from around 0 .2 x l0 '4 m2K /W  to -
O .lx lO '4 m2K /W . After increasing to around 0 .5x10 4 m2K /W  after 270 hours, a periodic 
change o f  fouling resistance was observed.
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Figure 8.55: Mass flow data for run No. 3.
Fouling behavior o f  run No. 3 was influenced by two effects. Figure 8.55 illustrates that 
mass flow  control o f  the cooling water did not work well for PHE 2 between 100 and 
150 hours, and for both PHEs after 270 hours. However, in contrast to the fouling 
behavior o f  run No. 2, where the fouling resistance increased while the mass flow  was 
changing, the fouling layer o f  run No. 3 was partly rem oved by mass flow  variations 
leading to a decrease o f  fouling resistance. From this observation it is concluded that 
biofouling is suppressed at higher process temperatures and thus particle adhesive 
forces are lower. From production plants it is known that this behavior changes with
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operating time, since biofouling is not com pletely stopped by high temperatures but 
delayed.
Silicon Implanted Plates:
After obtaining promising results for crystallization fouling using silicon ion implanted 
plates, these plates were tested for cooling  water fouling at BA SF A G , Ludwigshafen. 
Results o f  run No. 7 are shown in Figure 8.56.
Figure 8.56: Fouling resistance for different plate treatments
The shapes o f  the fouling resistance curves (Figure 8.56) are comparable to results o f  
run No. 6 but surprisingly the fouling resistance started to increase again after about 800 
hours. Scattering o f  data was observed for the ion-implanted plate and was probably 
induced by unsteady mass flow  control. The general difference in U-values does not 
correlate with the pressure drop difference. There is also no obvious explanation why 
the pressure drop o f  PHE 2 increased steadily. The cooling  water inlet temperature 
varied between 18 and 23°C.
Silicon ion implantation did not prevent the plates from cooling water fouling under the 
process conditions investigated.
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8.2.2.4 Effect of Chlorination of the Rhine Water
Chlorination is one o f  the most com m on methods to prevent biofouling and it may be 
used for removal o f  already form ed m icrobiological deposits, as well as for prevention 
o f  build-up o f  those deposits. H ypochlorous acid is an extremely powerful oxidising 
agent, which easily diffuses through the cell walls o f  micro-organisms.
The beginning o f  fouling after approximately 800 hours was assumed to depend on the 
induction time o f  biofouling. T o  prove this assumption, PHE 1 was equipped with an 
automatic dosage unit for chlorine bleaching. Each day, an equivalent to 1 mg o f  free 
chlorine per liter cooling water was added continuously for 3 hours to the inlet cooling 
water flow  o f  PHE 1.
After 60 days o f  constant performance, the untreated plate (PHE 2) was covered with 
sediments as usual, while chlorine treatment o f  PHE 1 prevented the plates from  fouling 
(Figure 8.59).
Process data o f  run N o. 8 are shown in Figure 8.48. The cooling  water temperature 
decreased from  16 to 10°C by the end o f  N ovem ber 1999 (Figure 6.10).
The induction time for biofouling was around 600 hours, similar to previous results. 
Run N o. 8 proved that biofouling promoted particle fouling, since without a layer o f  
microorganisms, river sediment could not adhere to the plates, even at a low  flow  
velocity o f  0.1 m/s.
There was some discussion whether the steady increase o f  fouling resistance after 
approximately 600 hours o f  run N o. 6 was to be caused by microorganism growth, or by 
particles, settling in the layer o f  microorganisms. Therefore run N o.8 was started to 
investigate whether microorganisms or river sediments dominated fouling. That 60-days 
run (No. 8) was carried out with one PHE exposed to chlorine treatment (3 hours o f  
daily dosage, 1 m g free chlorine per liter). Chlorine treatment prevented fouling as 
illustrated by the fouling resistance curves (Figure 8.57). Pressure drop change was in
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accordance with the increasing fouling layer o f  PHE 2 (Figure 8.58). Actual pressure 
drop over one PHE varied around 15 mbar.
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Figure 8.57: Fouling resistance versus time for untreated plates and chlorination
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Figure 8.58: Relative pressure drop change of run No. 8.
Pictures o f  the cooling water side o f  a plate from PHE 1 (chlorine treatment) and a plate 
from PHE 2 (no chlorine treatment) are compared in Figure 8.59. The fouling layer o f  
PHE 2 comprised fine river sediments and the usual variety o f  Rhine water 
microorganisms as found by biological analysis. Despite the low cooling  water flow  rate 
o f  0.1 m/s, no particle deposition was observed in PHE 1. Run No. 8 showed that river
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sediment (particles) does not settle on vertical surfaces without the presence o f  a 
microorganism layer. Therefore the use o f  low  fouling surfaces might be the way to 
solve the fouling problem in cooling water applications, since experiments by Zhao 
[1995] proved low  adhesion o f  bacteria to those low fouling surfaces.
cooling water, no chlorination cooling water, chlorination
Figure 8.59: Photographs of the fouled plates after a 60 days run, with and without 
chlorination
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9 Previous Investigation of Local Flow Phenomena in PHEs
In addition to surface effects, fouling in PHE’ s is mainly affected by shear forces, and 
therefore dependent on local flow  phenomena. T o be able to design a PHE for low 
fouling application, the local flow  phenomena need to be understood and investigated. 
The local flow  patterns in industrial plate heat exchangers (PHE) are not only affected 
by the corrugation o f  the plates but also by the overall geometry o f  the flow  channel 
given by the gaskets. An investigation on the improvement o f  flow  distribution requires 
a visualisation to discover re-circulation and mal-distribution zones o f  flow .
Conventional visualisation methods can be mainly distinguished into two groups, direct 
injection methods and chemical methods as can be seen in Table 9.1.
Method Visualisation Applications in PHE
Direct Injection
D ye Injection At low  Reynolds numbers
Tracers (solid) Tracer particle must be very small
Air Injection At low  Reynolds numbers
Chemical
methods
Indicator M ethod Effective, even at higher Reynolds 
numbers
Electrochemical
M ethod
At low  Reynolds numbers
Hydrogen Bubble 
M ethod
At high Reynolds numbers because at 
low  Reynolds numbers the buoyancy 
effects can interfere
Table 9.1: Compilation of flow visualisation methods
B y using a direct injection method, the flow  is visualised by injection o f  solid particles 
or fluids. The use o f  air or dye is limited to low  Reynolds numbers since the more 
turbulent state o f  the flow  at higher Reynolds numbers makes it im possible to fo llow  the 
path lines.
The use o f  solid particles is possible at high Reynolds numbers but the particles must be 
very small to prevent them from  lodging in the small channel gaps. Different kinds o f
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particles can be used for the flow  visualisation in plate heat exchangers e.g. Aluminium 
powder, Acronytril Butadiene Styrene particles or Polystyrene particles. Particle traces 
can even reveal vortices and re-circulation zones.
W hen using a chemical method, the flow  is visualised by a colour change o f  an 
indicator caused by a change in pH. A  solution o f  a pH-indicator is used as the working 
fluid and acid or alkali is injected into the flow . Alternatively, hydrogen ions can be 
produced by an electrical field in the heat exchanger geometry, producing the same 
effect. The injection o f  acid or alkali is applicable even with m ixing effects experienced 
at higher Reynolds numbers, because the colour does not vanish. This is not the case 
with the electrochemical method where hydrogen ions are produced by an electrical 
field. The concentration o f  hydrogen ions is less than the concentration o f  injected acid. 
This causes a less intensive colour change, which is further reduced by  mixing effects.
For the hydrogen bubble method water is used as working fluid and the flow  is 
visualised by generating hydrogen bubbles in an electrical field. This method gives only 
a rough idea o f  the flow  structure and, furthermore, buoyancy effects must be taken into 
account.
All the presented methods have the problem that they do not allow the investigation o f  
process systems using opaque apparatus. Furthermore, they only give a two 
dimensional representation o f  the flow  and are generally limited in their use due to 
mixing effects at higher Reynolds numbers.
In this study, the flow  in a plate heat exchanger was experimentally observed using a 
technique called Positron Emission Particle Tracking (PEPT). This technique detects the 
distribution o f  emitted gamma rays from  a single radioactive tracer particle, thus 
allowing the representation o f  flow . The advantage in comparison with other 
visualisation methods is that a series o f  data o f  three dimensional coordinates and time 
is produced, which allows the visualisation o f  flow  path, velocity distribution and 
residence time in the plate heat exchanger.
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9.1 Previous Work on Visualisation of Flow Pattern in PHEs
Klahm (1998) investigated the effect o f  the corrugation angle on the flow  pattern for 
industrial heat exchanger plates. The test section was an industrial A lfa  Laval M 6 PHE 
with 30° and 60° corrugated plates. The corrugation was o f  chevron (herringbone) type. 
W ith plates o f  two different corrugation angles three different flow  channels can be 
formed. Klahm (1998) investigated the flow  patterns in 60760°, 30730 ° and 60730° 
channels.
The results o f  Focke (1985) for high and low  corrugation angle could basically be 
confirmed. But due to the different geometry, two parallel sections were formed, 
separated by the central line. In both sections the streams were reflected on the edge o f  
the plate and on the central line for low  corrugation angles. For very low  flow  rates a 
spiralling path adjacent to the central line was observed.
Klahm (1998) found that in m ixed chevron channels the flow  patterns are similar to 
those at low  chevron angles for small flow  rates. The fluid follow s a longitudinal path 
parallel to the central line. I f the flow  velocity is increased the substream in a furrow is 
divided when reaching the central line into one part follow ing a longitudinal path and 
one part follow ing the furrow o f  the 60° corrugated plate. A  further increase o f  the flow  
velocity increases the spiralling motion o f  the stream in the 60° furrow but a change to 
zig-zag flow  pattern was not observed.
The onset o f  transition from  laminar to turbulent flow  for a 6 0 7 6 0 ° channel was found 
to occur between R e y n o l d s  numbers in the range o f  80 to 200, for 60 7 3 0 ° in the range 
o f  140 to 200. For 30730° channels the flow  started to becom e turbulent at R e y n o l d s  
numbers o f  300 to 400 (Klahm, 1998). This shows that the flow  behaviour in m ixed 
chevron channels may be understood as a direct mixture o f  the flow  patterns in 
symmetrically corrugated channels. It can be expected to be approximately the average 
o f  that in symmetrical channels o f  the two corrugations.
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The local flow  patterns in industrial plate heat exchangers are not only affected by the 
corrugation o f  the plates but also by the overall geometry o f  the flow  channel given by 
the gaskets. The unsymmetrical form  o f  the flow  channel causes an uneven distribution 
o f  the fluid. Zettler (1997) investigated the flow  distribution in flat diagonal flow  
channels, shaped like industrial heat exchanger plates. Using a polycarbonate plate on 
one side o f  the flow  channel the flow  distribution was visualised by suspended 
Acronitrile Butadiene Styrene particles. The result o f  the experiment shows, that the 
local flow  velocity varies substantially in the channel. The main flow  path with the 
highest flow  velocity is the diagonal between the inlet and the outlet port, while the 
flow  velocity in the com ers next to the ports is very small (see Figure 9.1). In these 
areas recirculation zones are formed. The recirculation zone near to the inlet port is 
larger than the one on the outlet port and increases with increasing flow  velocity. For 
small flow  rates the flow  in that area seems to be almost stagnant. The size o f  the 
recirculation zone next to the outlet port is almost independent o f  the flow  rate.
In industrial heat exchanger plates the flow  is distributed by distributors at the inlet and 
outlet ports o f  the plates. Therefore, the results o f  this investigation cannot simply be 
transferred to the flow  in channels form ed by com m ercially available plates. But a 
general conclusion can be drawn that the flow  in plate heat exchangers is not equally 
distributed. This maldistribution gives rise to local differences in momentum, heat and 
mass transfers coefficients.
Haseler (1992) found that for side flow  plates there are two clearly separated streams on 
both sides o f  the central line. The experiments were carried out using bubble injection to 
visualise the flow  path in 50° chevron corrugated channels at flow  velocities above 0.5 
m/s. Figure 9.2 shows that the bubbles fanned out along the corrugation furrows until 
they cover one half o f  the channel from  the edge to the central line. Crossing to the 
other half was not observed. The effect o f  the second phase on the flow  pattern and the 
flow  distribution was not considered. Therefore the results must be considered with 
caution.
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Figure 9.1: Flow distribution in flat diagonal flow channel (Zettler, 1997)
Figure 9.2: Flow distribution in PHE, visualisation by injection of bubbles (Haseler, 
1992)
Despite the evidence o f  uneven flow  distribution, and consequently local differences in 
momentum, heat and mass transfer, these transfer phenomena are usually considered 
globally. This may result from a lack o f  detailed information or because the expected 
benefit in accuracy is assumed not to justify the expense o f  investigation.
9.2 Previous CFD Investigations
Computational Fluid Dynamics is the analysis o f  systems involving fluid flow , heat 
transfer and associated phenomena such as chemical reactions by computer based
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simulation. Only little work on the CFD simulation o f  flow  and heat transfer in plate 
heat exchangers has been published. This is caused by different reasons:
• The computational resources in early investigations were not powerful enough and 
therefore large CPU-times even for sim plified computational domains were required 
for the solution process.
• The capability o f  mesh generators was limited and did not allow the accurate sub­
dividing o f  the domain, which represents the com plex heat exchanger geometry.
• The available memory limited furthermore the number o f  cells in the computational 
domain, which decreased the accuracy o f  the numerical results.
Because o f  these limiting factors, mainly in computer power, most authors used 
simplifications in their numerical solution processes and the latest publications show 
less divergence in quality as well as quantitatively compared to experimental results. 
H owever it should be noted that even today, the gap between simulation and 
experimental results is still enormous. In som e publication deviations o f  30-40 % are 
assessed to be in good  agreement.
Bansal (1994) simulated a flow  in a two dimensional duct with one corrugation and in a 
3 dimensional flat plate heat exchanger. He assumed laminar and isothermal conditions 
for all his simulations. He investigated the principle characteristics o f  the flow  and its 
influence on fouling behaviour. It was found that the presence o f  the corrugation in the
2-dimensional simulation has a significant influence on the flow  pattern. At the top o f  
the corrugation, the flow  velocities were higher. At the lee sides flow  separates, 
resulting in re-circulation. After comparison with experimental results he concluded that 
the lower heat transfer behind the corrugation is caused by higher fluid temperatures, 
which reduces the driving force. Therefore the deposition rate for C a S 0 4 in these 
regions is higher. Furthermore the lower flow  velocities result in lower shear stresses 
and hence lower removal rates o f  deposits after the corrugations.
Bansal performed 3-dimensional simulations with a flat plate to simulate the influence 
o f  a fouling layer on the flow . He concluded that the flow  conditions in a plate heat 
exchanger are significantly affected by deposit formation. A  quantitative comparison 
between CFD-simulations and experiments was not presented.
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Kho (1998) simulated the flow  in a flat plate channel in the size o f  an A lfa Laval M3 
heat exchanger plate. A  body fitted mesh with 45,000 volumes refined at the inlet and 
outlet region as illustrated in Figure 9.3 was used.
Figure 9.3: 3-dimensional grid of a flat plate heat exchanger (Kho, 1998)
Kho performed laminar and turbulent isothermal and heat transfer simulations. She 
found that the laminar simulations gave the most unrealistic results and that the 
Reynolds stress model required CPU time, which was about two orders o f  magnitude 
higher than for the k-8 model. The flow  distribution using the k-e model gave adequate 
information to predict the overall flow  characteristics with reasonable accuracy and in 
relatively short CPU time. The pressure drop simulated with the k-e model showed an 
error o f  about 10 to 20 % compared to experiments with flat plates o f  the same size. 
Furthermore, stagnation zones with re-circulation o f  the flow  could be predicted. These 
results were in good  agreement with experimental results for the same channel 
geometry. Additionally the influence o f  different distributor designs on the flow  
distribution inside the channel was investigated. These results were qualitatively in 
agreement with experimental results obtained by investigating CaSCfy deposition in the 
m odified plate channels.
Quarini (1994) studied the turbulent flow  o f  a non-Newtonian oil in a flat plate heat 
exchanger, which was heated by a wall with a constant temperature. A  coarse mesh with
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6000 volumes was used. The calculations assumed the standard log-layers for the 
velocity and temperature profiles and the fluid properties were kept constant. Compared 
to experimental data the results showed qualitative agreement. This calculation was able 
to resolve some o f  the m acroscopic features associated with the inlet and outlet 
manifolds and bulk maldistribution o f  flow  within the exchanger channel. In 1996 
Quarini et al. studied the 3 dimensional, laminar flow  o f  a non-Newton oil in a 
corrugated volume with a corrugation angle o f  (3=45°. In order to resolve the com plex 
geometry with existing computational resources, only a small segment o f  the exchanger 
was m odelled as can been seen in Figure 9.4.
The boundary conditions introduced periodicity for the inlet and outlet faces, to ensure 
that the flow  became fully developed in the computational domain. Using periodic 
boundary layers the flow  in a corrugated section o f  a plate heat exchanger can be 
simulated by only one representative segment where the flux o f  all flow  variables 
leaving the outlet boundaries are equal to the flux entering the opposite inlet boundaries. 
Quarini et al. used a structured mesh with 16,000 mesh volumes, as illustrated in Figure 
9.5.
Figure 9.4: Geometry of a unitary cell of a plate heat exchanger (Quarini, 1996)
As in the former investigation Quarini et al. (1996) assumed constant wall temperatures 
and temperature independence o f  the fluid properties. They com pared quantitatively 
calculated values for the friction factor with experimental data, however the numerical
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error showed a deviation o f  30 %. Furthermore they predicted a secondary flow  
phenomenon, with a different direction from the main flow  within the passages o f  plate 
heat exchangers. This secondary flow  phenomenon has a twisted nature bringing new 
main stream fluid close to the solid surfaces, which enhances the heat transfer. It was 
suggested that an enhancement o f  these secondary flow s should lead to an increase in 
the heat transfer coefficient.
Figure 9.5: Mesh of the unitary cell (Quarini, 1996)
Quarini et al. (1997) investigated the influence o f  the corrugation angle on the pressure 
drop in a laminar flow  using the same grid size and the same boundary conditions as in 
their former investigations. They simulated flow  in geometries with corrugation angles 
in the range o f  Pp=30° to pp=55° and fitted the numerical pressure drop data to the 
parameters o f  the power law relationship. The comparison o f  experimental data with 
numerical results showed that the simulated pressure drops are much higher but that the 
trend o f  increased pressure drop with increasing corrugation angle could be predicted. 
The authors had no explanation for the large divergence but considered that the CFD 
predictions are for the fully developed region o f  the exchanger, while the empirical 
correlations have been deduced from the bulk measurements, which will also include 
inlet and outlet effects.
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C iofalo et al. investigated the turbulent flow  and heat transfer in corrugated passages 
(C iofalo, 1996b). They used a one cell geometry which is illustrated in Figure 9.6.
If
r A*
J
Figure 9.6: Geometry of a unitary cell with contact area at the contact points (Ciofalo, 
1996b)
To avoid singularities in the mapping, the line contact between the upper and lower 
plate was replaced by a surface contact as can been seen in Figure 9.6. A  mesh with
13,000 volumes was used. The results o f  different turbulence models were compared 
with experimental data (C iofalo, 1996). Periodic boundaries were used to simulate the 
fully developed flow  in a repeated cell in the corrugated zone. They simulated the 
dependence o f  the friction factor and the Nusselt number on the Reynolds number 
(R e=500-10000) and the corrugation angle (Pp=30-75°) respectively. It was found that 
the standard k-e m odel with wall functions gave acceptable results at high Reynolds 
numbers (Re>2000) but failed at lower Reynolds numbers. Laminar flow  results were 
acceptable at low  Reynolds numbers (Re<1000) and for moderate corrugation angles 
(P<35°). They found best overall agreement with experiments i f  a low  Reynolds number 
k-e m odel or large Eddy simulation was used.
Sunden and Piazza (1998) simulated the flow  in a unit cell that is equivalent to the cell 
in Figure 9.6 used by C iofalo et al., in (1996b). They used a grid with 16,000 volumes 
and periodic boundary conditions at the inlet and outlet faces. The face mesh o f  a 
periodic layer is illustrated in Figure 9.7.
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Figure 9.7: Face mesh of a periodic boundary layer Sunden and Piazza (1998)
In a range o f  R e= 1000-20000 they simulated the turbulent flow  with the R N G  k-e 
model. W all functions were used to “ bridge”  the viscous and conductive sub-layer. 
Numerical results agreed qualitatively with experiments and showed a quantitative 
deviation o f  17-40%  for the friction factor, and an under-prediction o f  the Nusselt 
number o f  about 25 %. They concluded that the RN G  k-e m odel is able to predict the 
com plex duct flow  more accurately than the standard k-e m odels; however, the authors 
mentioned the importance to develop more advanced turbulence models.
Blomerius et al. (2000) simulated airflow in a characteristic 2 cell element o f  a plate 
heat exchanger with a boundary conform ed grid illustrated in Figures 9.8 and 9.9. They 
used periodic boundary conditions and assumed transient flow . T o  obtain accurate 
results with an acceptable amount o f  computer memory and time, they made a grid 
dependence study. The exact number o f  volumes in their simulated volum e is not given. 
They used a grid density obtained by two-dimensional simulations. It showed a 
deviation o f  about 8 %  in Nusselt number and about 2 % from  the friction factor o f  their 
grid independent solution, however no comparison with experimental work was 
presented.
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Figure 9.8: Two cell geometry of a plate heat exchanger (Blomerius et al., 2000)
lower plate
Figure 9.9: Numerical grid of a two cell geometry (Blomerius et al., 2000)
2-dimensional simulations were carried out to obtain suitable values for the wavelength 
to amplitude ratio (X/a). They found that X/a=12 required less heat transfer area than 
higher ratios at acceptable pressure drops. Low er X/a values result in higher Nusselt 
numbers but the pressure drop showed un-acceptably high values.
3-dimensional simulations were made with different kinds o f  corrugations in two and 
three dimensions with corrugation angles from P=45° to P=90°. These geometries are 
illustrated in Figure 9.10.
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They found that the 3 dimensional corrugation (egg-carton-shape) with a corrugation 
angle o f  (3=45° leads to lower heat transfer area at acceptable pressure drop. The higher 
heat transfer o f  this geometry is caused by a considerable mixing o f  near-wall fluid with 
the bulk fluid. The shape produces vortices in the near wall region o f  the plates which 
lead to high heat transfer coefficients. In comparison with regular heat exchanger plates 
the egg-carton-shape consists o f  less contact points but produces a higher rate o f  
turbulence and hence a better heat transfer.
Although these attempts shed some new light on the local flow  patterns between the 
corrugations, they fail to show the overall cork-screw pattern inside a plate channel. 
Information on how the flow  zigzags across the heat exchanger length can only be 
revealed if a 3-dimensional flow  simulation over a larger corrugated plate channel can 
be performed.
2D, 90 2D, ±45
3D, 90 x 3D, 45
iK lilfe
W i iii
y = r m
W r
Figure 9.10: 2- and 3- dimensional corrugations (Blomerius et al., 2000)
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10.1 Basics of Positron Emission Particle Tracking (PEPT)
The technique o f  Positron Emission Particle Tracking (PEPT), enables a single 
radioactive tracer particle m oving inside a piece o f  equipment to be tracked accurately 
at speeds o f  up to 2 m/s. The tracer is typically com posed o f  the same material as the 
bulk or comparable with it in size or density (Forster et al., 2000).
A  radioisotope, which decays by a form  o f  beta-decay involving emission o f  a positron 
is incorporated into the tracer particle. Once emitted from  the nucleus, the positron 
annihilates with an electron, leading to the production o f  two near collinear ‘back to 
back ’ gamma rays. The detection o f  these and subsequent pairs o f  gamma rays enable 
the tracer to be located in three dimensions by triangulation.
This is done on the basis that the paths o f  the detected y-rays should all intersect in one 
location, that location being the tracer position. A  set o f  detected events, each specified 
by the coordinates and the time, detected by the camera, gives the possibility to obtain 
the position o f  the tracer, which is shown schematically in Figure 10.1.
J
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Figure 10.1: Principles of PEPT: detection (left); definition of a line where the tracer is 
located (middle); location via geometric triangulation (right)
The emitted gamma rays are quite penetrating, with up to 50%  transmitted through 
11mm steel, so that tracking is possible inside real process equipment. Each detector is
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able to detect incident gamma-rays and determine their interaction coordinates within a 
few  mm. The resolution for the camera used in this study is 0.5 mm.
Typical applications o f  PEPT to industrial processes are the investigation o f  the motion 
o f  dry granular materials in gas fluidised and vibrating beds or powders in mixers. 
Furthermore PEPT has been applied to studies in liquid systems such as flow s in heat 
exchangers or m ixing in stirred tanks.
The investigation o f  isothermal flow  in a plate heat exchanger duct for  this study was 
carried out at the Positron Imaging Centre o f  the University o f  Birmingham where the 
technique o f  Positron Emission Particle Tracking was developed. This is the first time 
this technique is applied to flow  in a plate heat exchanger as described in the follow ing 
sections (Zettler et al, (2001b).
10.2 Experimental Set-up
An experimental set-up was constructed in the Department o f  Chemical and Process 
Engineering o f  the University o f  Surrey, and then installed at the Positron Imaging 
Centre at the University o f  Birmingham.
The Figures 10.2 and 10.3 show the test-rig with one closed flow  loop  for water, with a 
15 litre storage tank. In this study the plate heat exchanger consists o f  one diagonal flow  
channel o f  two A lfa Laval M 3 plates (60°/60°). However, the PHE-test section can be 
used with different A lfa  Laval M 3 plates o f  various corrugation angles in future 
investigations.
The experimental investigation o f  flow  distribution o f  water in a duct o f  a plate heat 
exchanger was carried out under isothermal conditions. The use o f  a conventional 
centrifugal pump was not possible since the tracer particle was destroyed by the 
impeller. Therefore a peristaltic pump was connected to the flow  loop.
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Figure 10.2: Picture of the experimental set-up
Detector
Pump
Figure 10.3: Flow chart o f  the experimental test-rig
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10.3 Experimental Procedure
The tracer used in this work was a 250 pm  diameter resin pellet. This type o f  tracer, 
described by Parker et al. (1996), was irradiated by diffusing active water that had been 
bombarded in the Birmingham beam cyclotron. Tracers were made active by mixing 
them with radioactive water for approximately 30 minutes. Up to 90%  o f  the water 
activity could be transferred to the pellets. The pellets were then painted to restrain 
activity transfer to the water in the test-section during the experiments.
The tracer particle was placed in the flow  loop  and the pump was started while the 
computational data acquisition o f  the positron camera was initiated. The flow  velocity 
for the experiments in this study was 0.35 m/s.
10.4 Results and Discussion of the PEPT Analysis
The method produces a series o f  x, y and z coordinates, along with a corresponding time 
for each position. The number o f  events to calculate the position o f  the tracer was about 
150 to 200 ensuring a high accuracy o f  the location detection.
The flow  enters at the bottom  right side and leaves at the diagonal top left side. The 
particle was also traced outside the heat exchanger in the tubing section from  and to the 
pump, which can be seen as detected positions outside the plate channel in Figure 10.4 
where all detected locations during one test run are illustrated. It can be seen that in 
some regions the tracer was rarely detected. These regions are mainly in the com er on 
the bottom left side and the upper right side. This shows that the flow  is not uniformly 
distributed across the corrugated section.
Furthermore it can be assumed that the flow  follow s a slightly curved direction after the 
inlet to the outlet since in Figure 10.4 it can be seen that the location density is higher 
on the left than on the right side.
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Figure 10.4: Distribution of all detected positions of the tracer in the PHE-duct
In Figure 10.5 an occupancy plot is illustrated. This quantity represents the fraction o f  
the selected time range that the tracer was located in each location o f  the investigated 
geometry. Occupancy O is defined as
o Vjs l (10.1)
loial
where tPjxei is the time spent in one defined volume in the geometry and ttotai is the total 
time range.
It can be seen that the assumption o f  a main flow  direction in a diagonal, slightly curved 
line between the inlet (bottom right side) and the outlet (upper left side) is correct. This 
leads to a non-uniform flow  distribution as can be seen by com paring the occupancy 
time on the left and right sides o f  the plate.
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Figure 10.5: Occupancy distribution
The velocity distribution and vectors are illustrated in Figure 10.6. Re-circulation zones 
could not be detected. The reason might be that the tracer density was too different to 
the water density or that the tracer was not close enough to the vortices behind the 
contact points to be involved in the re-circulation. This would lead to the assumption 
that the flow  characteristics obtained by this investigation are mainly representative for 
the bulk flow . H owever the tracer was affected by the wavy structure o f  the duct where 
a change in cross sectional area induces a zig zag flow  pattern.
At the right and left side at the wall-adjacent zones o f  the inflow , two low  flow  velocity 
zones can be seen. One is on the right side behind the inlet (A ) and the other one is in 
the lower com er on the left side o f  the plate (B). Further low flow  velocity regions are 
detected on the upper right side in the outlet distributor section o f  the heat exchanger 
(C).
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It must be noted that this velocity distribution gives less accurate results in the wall 
adjacent zones, because here the tracer was not located at every position o f  the duct.
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Figure 10.6: Velocity vector distribution and velocity contour distribution
Higher flow  velocities are detected in the middle o f  the plate in the main direction from 
the inlet to the outlet. T w o zones with higher velocities can be seen at the transitions 
areas o f  the inlet- and outlet distributor sections to the corrugated section (D). This 
might imply that the transition from the distributor zone to the corrugated zone leads to 
an uneven flow  distribution. Low  flow  velocities occur on the left and right side, 
whereas the flow  velocity reaches high values in the centre.
These results are in good  agreement with former investigations. The highest velocities 
are in a diagonal line from the inlet to the outlet (Bansal, 1994). The low  flow  velocity 
zones in the lower left com er and the upper right com er, which were observed in 
several studies could be identified. The lower flow  velocity zone at (A ) is probably
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caused by air bubbles, which influenced the flow  velocity in this small area at the inlet 
and could also be observed in experiments (Zettler, 1997).
The average velocity o f  0.35 m/s, which was adjusted during the experiments, could not 
be detected in Figure 10.6, because flow  velocities in the range o f  0.30-0.35 are scarce. 
The reason might be that the tracer was only located in the bulk flow , where the average 
velocity is slower. The distribution o f  the tracer particle locations at different times 
makes it possible to visualise pathlines. A  combination o f  crossing flow  along the 
furrows and wavy flow  along the rows o f  contact points can be assumed from the 
illustration o f  some pathlines in Figure 10.7. This result contradicts what has been 
published in literature, where longitudinal wavy flow  is reported in corrugated ducts 
with a corrugation angle o f  60760° (Focke, 1986), (Tribbe, 1998).
Figure 10.7: Different flow  path in the heat exchanger duct
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The difference is probably caused by the use o f  a peristaltic pump in this study, whereas 
in conventional flow  visualisation studies centrifugal pumps produce a more uniform 
flow  in the plate heat exchanger. Furthermore PEPT allows the visualisation o f  the 
characteristically three dimensional corkscrew pattern as can be seen in Figure 10.8. 
This three dimensional flow  structure is mainly responsible for high heat transfer rates 
in plate heat exchangers.
Figure 10.8: Corkscrew pattern of one detected pathline
The PEPT method produced a distribution o f  three dimensional cartesian coordinates at 
time, which allowed an accurate 3 dimensional investigation o f  the flow  path over the 
whole heat exchanger duct. Flow zones, where the tracer was rarely detected are similar 
to former investigations where deposition in plate heat exchanger took place. 
Furthermore velocity maps could be generated to investigate areas with low  flow  
velocities (Zettler et al., 2001a).
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11 Numerical Flow Investigation in a PHE
It is well known that local flow  patterns play an important role on the fouling behaviour 
o f  PHE’ s. A  better knowledge and understanding o f  flow  distribution and local flow  
pattern could lead to better design o f  heat exchanger plates, or w hole PHE’ s. An 
experimental approach to investigate local flow  in a PHE has been shown in Chapter 10. 
Since experimental work is expensive and time consuming, and it will also never reveal 
the m icroscopic flow  pattern, Computational Fluid Dynamics (CFD ) can be seen as an 
additional approach for this kind o f  investigation. The main goal o f  this part o f  the study 
is the use o f  CFD m odelling to predict with reasonable accuracy local flow  patterns, 
pressure drop characteristics and temperature distribution, as well as local heat transfer 
coefficients and wall shear stresses in a corrugated channel o f  a plate heat exchanger. 
Since these parameters have m ajor influences on the deposition o f  fouling layers, this 
local information can be used to gain an insight in the corresponding fouling behaviour.
• The flow  simulations o f  this study were carried out in four different sections.
• Turbulent simulations o f  flow  in a plate heat exchanger were carried out to 
investigate the flow  pattern and to obtain the required mesh density.
• Detailed results o f  flow  patterns, heat transfer and pressure drop in a commercial 
plate channel with various corrugation angles were obtained with turbulent 
simulations. These results could be compared with experimental data.
• Different designs o f  corrugations were simulated to investigate the effect o f  various 
design parameters on heat transfer, flow  distribution and pressure drop.
Overall simulations o f  w hole plate channels were earned out to investigate the influence 
o f  flow  distribution particularly in regions where fouling occurs, such as low  flow  
velocity and re-circulation zones (Zettler et al., 2001a).
The fluid used for m odelling in this investigation was water, with its properties obtained 
from  the Fluent database. T o  judge the convergence o f  the simulations, the default 
convergence criterion o f  the solver, which was sufficient for most problems, was used. 
This criterion requires that the scaled residuals should be less then 10"3 for all equations
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except the energy equation for which the criterion is 10'6 (Fluent Handbook, 1998). 
However, in som e cases the convergence criterion was decreased, especially for the 
velocities, i f  the results were obviously not converged. T o  obtain an overview o f  the 
simulation parameters like relaxations factors, discretisation scheme, etc. a detailed 
report o f  the simulations is presented in Appendix A.
11.1 Basic Geometry of an Aifa Laval M3 plate
In the present investigation different plate heat exchanger ducts consisting o f  A lfa Laval 
M 3 plates with two different corrugation angles were generated. The main geometrical 
parameters o f  the plates are listed in Table 11.1.
A lfa Laval M 3, A lfa  Laval M 3,
CoiTugation angle (3P 30° 60°
Corrugation amplitude ap 0.00 12 m
Corrugation wave length Z p 0.0103 m
Plate length 0.4300 m
Plate width 0.1260 m
Effective plate length 0.3960 m
Effective plate width 0.1000 m
Area enlargement factor (0) 1.185
Nominal channel gap (4'ap) 0.0024 m
Table 11.1: Dimensions of Alfa Laval M3 plates (Kho, 1998)
T o be able to implement the geometry into the solver, the sinusoidal corrugation o f  the 
heat exchanger plates is described by the follow ing equation:
y (x )  = a -sin
A ,
x - +  a.
Figure 11.1 shows the corrugation curve, which is a general sinusoidal curve with 
amplitude ap, and wavelength Xp , with a horizontal shift o f  (-A,p/4 ) and a vertical shift o f
(ap).
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Figure 11.1: Sinusoidal curve of the corrugation
The lower plate is arranged with the corrugation pattern in the opposite direction o f  the 
corrugation pattern o f  the upper plate. The symmetry line o f  a duct formed by two 
plates shows in the middle o f  the ‘herring bone pattern’ , a combination o f  the sinusoidal 
edges, which are in phase, this can be seen in Figure 11.2.
Figure 11.2: Symmetry line o f  a 60760° plate combination (Phase=0°)
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Figure 11.3 shows the different arrangements o f  contact points for a small segment o f  
the corrugated part o f  a 30730° and 60760° plate combination. The symmetry-line is in 
the location z=0 and the main flow  direction is the positive x-axis. The y-axis is the axis 
o f  the corrugation that is perpendicular to the paper level. It can be seen that the higher 
the corrugation angle (Pp) the higher the number o f  contact points with the same 
wavelength.
30730°
z
X
▲
A
A : S id e v ie w o f  a con tact point
Figure 11.3: Sketch of arrangement of plates at y=0 (plane of contact points)
11.2 Geometry and Mesh Generation
The computational domains o f  the corrugated duct o f  a plate heat exchanger were 
modelled with the Pre-processor Gambit. A  subroutine was written to generate a general 
sinusoidal curve consisting o f  100 points which form a curved edge with an amplitude 
ap and wavelength X. In some cases the volume and grid generation was difficult where 
the upper and lower surfaces touched. This occurred when the faces used to model the 
corrugated surfaces accidentally overlapped. T o avoid these singularities, which
60760°
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sometimes led to negative volumes during the mesh generation, additional points were 
implemented in these regions to prevent the intersections.
For the com plex geometry only unstructured meshes with different grid densities were 
built. The advantage o f  this grid generation is that the meshes can be built without block  
structure construction by hand, where the volum e is divided into sub-volumes, which 
are then meshed and connected with each other. Using an unstructured mesh, the 
geometrical domain consists o f  tetrahedral volumes with triangular face meshes. The 
result o f  this meshing technique is an accurate representation o f  the curved geometry 
without the time-consuming task o f  building an all-hexahedral mesh.
11.3 Isothermal Turbulent Flow in a 60760°- Geometry
Preliminary simulations with coarse meshes have shown that the main flow  
characteristics can be predicted using the laminar flow  m odel, but they failed to 
represent the pressure drop and heat transfer accurately. The flow  in a plate heat 
exchanger is highly turbulent so that the effects o f  turbulence on the flow  have to be 
taken into account. Therefore a small part o f  the corrugated section was generated to 
investigate a sufficient grid density to m odel turbulent flow  in a corrugated duct.
Several authors reported re-circulation zones and swirling movement o f  the fluid in the 
corrugated channel. Therefore the RN G  k-e m odel was chosen for this work. It needs 
less computational resources than a Large Eddy or Reynolds Stress simulation. In 
comparison with the standard k-e m odel it is more accurate for swirling flow s and in the 
low  Reynolds region.
Near wall treatment
There are two different approaches to simulate the influence o f  the wall on the turbulent 
flow , the standard wall functions and the near wall model approach also called the T w o- 
Layer Zonal M odel. The use o f  the standard wall functions was avoided since they only 
give reasonably accurate predictions for high Reynolds number, wall-bounded flows. 
Therefore, the Tw o-Layer Zonal M odel was chosen because it is more accurate for 
flow s with the follow ing characteristics (Fluent Handbook, 1998), (Anju, 1999).
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1. Low  Reynolds number and near-wall effects (e.g. in the region o f  contact points)
2. High three dimensionality strongly skewed
3. Swirling flow  as a result o f  strong body forces
As has been seen in the literature review, these three factors are the main flow  
characteristics prevailing in a plate heat exchanger. Therefore the use o f  the Two-Layer 
Zonal M odel is recommended.
Geometry and mesh
Figure 11.4 shows the geometry with the generated mesh for turbulent flow . The use o f  
the Tw o-Layer Zonal M odel makes a fine mesh especially in the near wall region very 
important. This is caused by the mesh requirements for the wall treatment which are o f  
the order o f  y+= l  at the wall adjacent cells. However a higher y+ is acceptable (y=5-8) 
(Fluent Handbook, 1998).
Side view
Main flow  direction
Top view
Inflow Outflow
Figure 11.4: Geometry and mesh of the 4-cell geometry (60°/60°)
The wavy structure o f  the plates means that the near wall regions are distributed over 
three Cartesian co-ordinates. Furthermore the points where the plates are in contact
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occur in the same plane as the areas further from the walls, thus one plane contains 
regions that one might expect to require both, fine mesh and coarse mesh in an 
oscillating fashion. However, apart from the near wall region an adequate resolution o f  
the swirling core flow , where steep gradients in velocity and pressure drop exist, needed 
to be m odelled as well. Hence an unstructured mesh with equal node distance was 
generated to ensure a sufficient mesh in the whole volume. The node distance o f  the 
generated mesh is 250 pm  and it consists o f  401,000 tetrahedral volumes.
11.3.1 Numerical Results and Discussions
Figure 11.5 shows the velocity vector distribution in the mid-plane (plane o f  the contact 
points) at an average velocity o f  ux=0.35 m/s.
Velocity Vectors Colored By Velocity Magnitude (m/s)
Figure 11.5: Velocity distribution in the mid-plane (ux-0.35m/s)
On the front side and in the wake o f  the contact points, low  velocity areas occur in 
comparison to high velocity areas on the left and right-hand side at the central contact 
point. T w o vortices in this plane can be identified generated by high velocity streams on 
the left and right side o f  the contact point, which can be seen in Figure 11.6. The high
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velocity is caused by the concave curvature o f  the two plates, which leads to a 
decreased cross-sectional area o f  the duct, hence the flow  is accelerated. Due to a low 
pressure zone behind the contact point, these streams flow  perpendicular to the main 
flow  direction. This causes a re-circulation with a high peripheral velocity in the same 
order o f  magnitude as the main stream.
11 O80+OO 9 91e-01 9 010-01
8 11e-01 
7 22e-01 
6320-01  
542e-01  
4520-01  
3620-01  
2 720-01 
1 820-01
9 190-02 
1 970-03
Velocity Vectors Colored By Velocity Magnitude (m/s) o  Contact point
Figure 11.6: Vortex formation near the central contact point (ux=0.35m/s)
Figure 11.7 shows the velocity distribution in a plane perpendicular to the mid-plane (y- 
axis). The flow  behind the contact point is a com plex combination o f  different flow  
zones. Flow zone A  is the stagnation zone caused by the no-slip condition near the 
contact point. Flow zone B is a re-circulation zone with high velocities caused by the 
two vortices o f  the mid-plane. Flow zone C shows two vortices where fluid re-circulates 
with lower velocity in comparison with re-circulation zone B. One o f  the vortices is on 
the upper side, the other is located on the lower side o f  the plane. In flow  zone D the 
flow  follow s the main flow  direction.
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Velocity Vectors Colored By Velocity Magnitude (m/s) Contact point
Figure 11.7: Velocity distribution behind the central contact point (ux=0.35 m/s)
T o clarify the observation above Figure 11.8 summarises the main flow  motions in the 
region near the central contact. The blue triangle shows the stagnation zone in the wake 
o f  the contact point. The red arrow represents the vortex o f  the mid-plane, which 
induces a re-circulation o f  fluid in the other plane represented by the front blue arrows. 
Furthermore, there is the stream in the main flow  direction characterised by the rear 
blue arrows.
The existence o f  the re-circulation areas in the wake o f  the contact points means that the 
bulk stream o f  fluid flow  cannot directly contact the wall surface o f  the flow  channel. 
This reduces the heat transfer. These results are in agreement with experimental work 
on plate heat exchangers channels carried out by Focke et. al (1986) and Tribbe (1998) 
respectively using conventional methods o f  flow  visualisation. Their results show 
clearly some re-circulation areas downstream o f  the contact points.
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A) Side view after contact point
B) Top view after contact point
Figure 11.8: Principal flow structure after a contact point
Several studies concerning fouling in a plate heat exchanger with a corrugation angle o f 
60760° have shown that the first deposition in the plate is located downstream of the 
contact points (Thonon, 1999),(Zettler, 1998), (Bansal, 1994). The existence o f stagnant 
zones and low flow velocity areas increases the deposition rate. Furthermore these low 
flow velocity regions are coupled with low wall shear stresses so that the removal of 
deposited foulants decreases.
Figure 11.9 shows the velocity contours o f the plane perpendicular to the mid-plane. 
The different velocity contours show that the flow is not developed behind the first 
contact point. The re-circulation zone o f the vortices does not influence this area. The 
central contact point shows that this influence can be seen as a small area with higher 
velocities behind the stagnant zone. It can be assumed that the flow  at the central 
contact point is nearly developed, so that the flow investigations presented above are 
representative for a contact point in the corrugated section. Nevertheless a modification
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to a flow simulation with periodic boundary conditions where the flow in the 
computational domain is fully turbulent needed to be realised to prove these results.
Contours of Velocity Magnitude (m/s)
Figure 11.9: Velocity contours behind two contact points perpendicular to the mid­
plane (ux=0.35m/s)
In addition to the investigation o f the main flow structure, the mesh density was 
examined to see i f  it is sufficient for the chosen near wall treatment. Figure 11.10 shows 
the y+ distribution of the lower wall. The y+ values are mainly less then 1. However in 
the high velocity zones the values are in the range of 2 to 3. This shows that the mesh 
size of the cells adjacent to the walls is sufficient for the use o f the Tw o-Layer Zonal 
Model.
Additionally small gradients of flow velocities were observed in the core flow, which 
led to the conclusion that a node point distance of about 250-300pm  for the mesh is 
adequate to represent the complex flow pattern in a corrugated geometry. However a
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full grid independence study could not be made because meshes with more than 
250,000-400,000 volumes can not be solved with the computational resources available 
for this work. The obtained information concerning the node point distance was used 
and meshes with periodic boundary conditions were generated to simulate the fully  
developed flow in a plate heat exchanger duct.
— x
Figure 11.10: Contours o fy + on the lower wall
11.4 Turbulent Flow with Heat Transfer in a 30730° - and 60760°-Geometry
For turbulent simulations, periodic geometries of the corrugated part o f an A lfa  Laval 
M 3 duct with different corrugation angles ((3P=30°; |3P=60°) were designed. For both 
corrugation angles a repeated cell was constructed with three rows o f contact points in 
the direction o f the flow. The flow is mainly in x-direction, therefore the plate width 
was cut at the symmetry line assuming that the flow is equivalent on the other side, 
which helped saving computational resources. To include the influence o f the side wall, 
the geometry has a width of half a plate.
-261 -
Numerical Flow Investigation in a PHE
Geometry and mesh
Figure 11.11 shows the geometry of a 60760° plate heat exchanger geometry. The same 
geometry was built for the 30730° plate arrangement.
1/2 plate width
Section o f  
upper plate
Flow
channel
Sym m etry line
Section o f  
lower plate
M ain flow direction
Figure 11.11: Periodic element o f the corrugated part o f an Alfa Laval M3 duct 
(60760°)
Unstructured meshs with a node distance o f 300 pm were generated for both 
geometries. Figure 11.12 shows a part o f the geometry and the generated mesh for the 
60760° geometry. The whole mesh of the geometry consists o f 308,718 cell volumes. 
The mesh of the 30730° geometry is larger, caused by the lower corrugation angle, 
which increases the distance between the rows of contact points in the direction of the 
flow. The generated mesh of the 30730° geometry consists o f 397,871 cell volumes. 
The inlet face meshes were linked to the outlet face meshes, thus when calculating the 
flow through the periodic inlet boundary, the flow conditions o f the opposite periodic 
outlet boundary can be used for the simulation.
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Figure 11.12: Part o f the geometry and mesh o f the 60760° geometry 
Boundary conditions:
For the use o f periodic boundary conditions in the computational domain the 
thermodynamic and transport properties o f the fluid (heat capacity, thermal 
conductivity, viscosity and density) cannot be functions o f the temperature (Fluent 
Handbook, 1998). As the temperature of the fluid only changes in a small range of 
about 2-4 K , it was assumed that the resulting error could be neglected. A  uniform wall 
temperature represents the thermal boundary condition, which can be assumed to 
prevail across the small segment o f the corrugated duct. Therefore the wall temperatures 
of the upper and lower wall were set to a constant value of Tw =350 K. A  periodic mass 
flow inlet, normal to the inlet face was set and a steady state was assumed. As the 
geometry has mirror symmetry, a symmetry boundary was set at the middle line of the 
herringbone pattern (right-hand side face in Figure 11.11). The face on the other side 
was treated like an adiabatic wall with no-slip condition.
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11.4.1 Results and Discussion of Numerical Predictions in a 60760°- 
Geometry
Figure 11.13 shows the velocity field in the mid-plane at an average velocity of ux=0.35  
m/s. The use of periodic boundary layers at the in- and outlet o f the computational 
domain produces a fu lly developed flow. High velocities occur on the left and right side 
of the contact points, represented with yellow and red velocity vectors. Additionally, the 
velocity on the crests of the corrugations is high, whereas in the wake of the contact 
points low flow regions occur. No-slip condition is applied for the side wall, leading to 
low flow velocities.
Figure 11.13: Velocity distribution at the mid-plane (plane o f contact points, average 
velocity: ux=0.35)
Figure 11.14 shows the flow in the wake of a contact point. The same eddy formation 
behind the contact point, as described in Chapter 11.3.1, can be seen. Tw o vortices 
occur initialised by the high velocity on the right and left side o f these points. Low  
pressure behind the contact point mainly causes this re-circulation zone, which is
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illustrated in Figure 11.15. The values for the pressure are relative to the operation 
pressure, which was set to 1 bar.
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2.120-03
Velocity Vectors Colored By Velocity Magnitude (m/s) #  C o n t a c t  p o i n t
Figure 11.14: Velocity distribution at the mid-plane (plane o f  contact points, average 
velocity: ux=0.35)
A  stagnation point can be seen in front of the contact point, whereas the pressure in the 
wake of the contact point reaches low values. The high velocity streams on the right and 
left side of the contact points are affected by this low pressure zone and rotate forming a 
vortex in this area. It can be seen that their peripheral velocities reach values, which are 
equal to the mean flow velocity.
Figure 11.16 shows the fluid temperature at the mid-plane. High temperatures occur 
around the contact point. This area is mainly extended downstream behind the contact 
point. A  further region with high temperatures can be seen in the near wall region on the 
crest o f the corrugation. The other regions represent mainly the bulk flow, where the 
temperature is lower because the fluid is far away from the wall.
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Figure 11.15: Pressure distribution at the mid-plane at an average velocity: ux-0 .35 )
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Figure 11.16: Temperature distribution at the mid-plane (plane o f contact points, 
average velocity: ux=0.35)
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In Figure 11.17 the temperature contours and the velocity distribution on the lower wall 
is illustrated. It can be seen that the prevailing flow conditions near the contact point 
lead to areas with increased temperatures.
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Figure 11.17: Temperature and velocity field in the near wall region o f  the lower plate 
(average velocity: ux=0.35)
The highest temperatures are reached just around the contact point where the flow is 
almost stagnant. In the wake o f the contact point, the re-circulation caused by the two 
vortices, leads to the formation of a large area where the temperature o f the fluid is 
increased. The high temperature around the contact point increases the risk of 
deposition due to CaSCfy crystallisation fouling (see Chapter 3.1).
A  second parameter for the deposition o f fouling layers is the magnitude o f wall shear 
stresses. A  decrease in wall shear stresses is coupled with a lower influence of the fluid  
on the wall. This can cause a higher deposition rate and a decrease in the removal rate. 
Therefore the net deposition rate increases at lower wall shear stresses.
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Figure 11.18 shows the wall shear stresses as a function o f the length in x-direction an 
average velocity o f ux=0.35 m/s. The blue broken line illustrates the upper wall and 
helps to visualise the position o f the corrugation, where the wall shear stress occurs. The 
lower wall is symmetrical to the x-axis. The red line shows the position o f the contact 
point. Approaching the contact point, in the main flow direction, the influence o f the 
fluid on the wall increases. A  fluctuating shear stress can be observed due to the 
turbulent state o f the flow.
In front o f the contact point (left side o f the graph), the values for the wall shear stresses 
are high due to high impact o f the fluid on the wall. Behind the contact point (right side 
of the graph) the wall shear stresses decrease by half, in comparison with the values in 
front o f the contact point. This is caused by the low flow velocities in the wake o f the 
contact points.
Figure 11.19 shows the wall shear stress distribution in z-direction, which is the 
direction of the plate width, at an average velocity of ux=0.35 m/s. The flow  direction is 
normal to the paper level, so that the line of the corrugation represents the upper cross- 
sectional area of the duct. As in Figure 11.18 the corrugation o f the lower plate is not 
illustrated.
It  can be seen that the distribution is almost symmetrical, so that the wall shear stress 
distribution on the left side is equal to the one on the right side. In comparison to the 
wall shear stresses in front o f and behind the contact point illustrated in Figure 11.18, 
the wall shear stresses are higher. This is caused by the reduced cross-sectional area in 
main flow  direction, leading to high flow velocities. The investigation of wall shear 
stresses in the two directions near the contact point show that, particularly in the region 
in the wake o f the contact point, there is a risk for fouling deposition. In  front o f the 
contact point the wall shear stresses are higher and therefore it can be assumed that 
deposition can not take place. The highest wall shear stresses could be seen on the left 
and right side o f the contact points (perpendicular to the flow  direction). Therefore the 
deposition in this area is not probable.
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X-Coordinate (plate length) [m]
Figure 11.18: Wall shear stress near the contact point in x-direction (main flow  
direction, ux=0.2m/s)
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Figure 11.19: Wall shear stress near the contact point in z-direction (average velocity 
ux=0.35 m/s)
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These results are in good agreement with results by M ercier (1996) who reported that 
the deposition o f CaCC>3 particles in a 60760° plate heat exchanger is mainly located 
downstream of the contact points. In  addition he reported about vortices near the contact 
points, which induced large fluctuations o f the wall shear stress.
Figure 11.20 shows the distribution o f the local heat fluxes at an average velocity of 
ux=0.35 m/s. High heat transfer zones can be seen on the front-side o f the corrugation. 
On the lee side o f the corrugation the heat transfer is reduced over a large area behind 
the contact points. In some areas the gradients seem to be very high but experiments 
carried out by Heggs et. al (1997) have shown that the distribution o f local heat transfer 
coefficients is very fluctuating. In  this study local heat transfer coefficients were 
obtained using an electrochemical mass transfer technique. The obtained local transfer 
coefficient maps are similar to the distribution in Figure 11.20. A t a flow  velocity of 
ux=0.115 they observed high rates o f heat transfer at the lu ff side whereas behind the 
corrugation the values for the local heat transfer coefficients decreased rapidly causing 
steep gradients.
Furthermore the present results can be compared with heat transfer results published by 
Gaiser and Kottke (1989). For a corrugation angle o f pp=69° they observed high heat 
transfer zones between the rows of contact points. Behind these contact points they 
observed regions where flow  separation prevailed leading to low heat transfer.
In  order to be able to assess the quality o f the numerical results, the flow  at different 
Reynolds numbers was simulated and the obtained Fanning friction factors were fitted 
to the Ergun relationship. The numerical results and the correlation were compared with 
experimental correlations from the literature. The geometrical parameters o f the plates 
(7,p, ap, Pp) are listed in Table 11.2.
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Plate Corrugation angle
Pp
Amplitude
ap
Wavelength
X
Reference
A lfa  Laval M 3  Plate 60° 0 .0012  m 0.0103 m [Zet97]
A lfa  Laval P01 60° 0 .0012  m 0.0103 m [A lfa Laval]
A lfa  Laval M 6 Plate 60° 0 .0010  m 0 .0110  m [Tri98]
Table 11.2: Comparison o f geometrical parameters o f different plates
Contours of Surface Heat Flux (w/m2) Contact point
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Figure 11.20: Distribution o f the local surface heat fluxes at the lower plate (average 
velocity: ux=0.35)
The A lfa  Laval M 3  and P01 plates have the same geometry as the computational 
domain used in the simulation, whereas the A lfa  Laval M 6 plate has a lower amplitude 
but a larger wavelength. The reason to compare the numerical results with experimental 
pressure drop data of a plate with ‘slightly’ different geometrical parameters is that the 
correlation was fitted to pressure drop data across the corrugated section. Therefore the 
conditions are identical to the simulation, where boundary effects such as the 
distributors and the ports pressure drops are not included.
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The correlation for the A lfa  Laval P01 plate is supplied by the manufacturer and 
represents the pressure drop characteristic across the plate channel, which includes the 
pressure drop of the corrugation and the distributor sections but not the pressure drop at 
the ports o f the heat exchanger duct. Hence the Fanning friction factor obtained by this 
correlation is higher than the one for the corrugations alone. The reason is that usually 
the distributors cause a higher pressure drop per unit length than the corrugation. This 
can be seen in Figure 11.21, where all results o f the numerical simulations are compared 
with results obtained by experimental correlations.
The correlation o f the A lfa  Laval M 3  plate was obtained from experimental pressure 
drop data from port to port o f a plate channel, which include the pressure drop o f the 
distributor sections as well as the pressure drop at the ports o f the heat exchanger duct. 
Therefore this correlation shows the highest values for the Fanning friction factors.
Comparing the numerical results obtained by laminar simulations with the experimental 
correlations it can be seen that the laminar flow  model under-predicts the Fanning 
friction factor over the whole range o f Reynolds numbers. This deviation shows that the 
laminar model is not able to predict the rising turbulent state o f the flow , because the 
deviation increases with increasing Reynolds number.
The underprediction o f the laminar flow model for flows in corrugated ducts is 
confirmed by the numerical investigation of Ciofalo et al. (1996b) They reported that 
the laminar flow  model is in-adequate to predict pressure drop at higher corrugation 
angles because the flow  is highly perturbated (Ciofalo et al., 1996b).
The numerical results of the turbulent simulations show an average error o f about -31 % 
as compared to the Fanning friction factors calculated by the correlation for the A lfa  
Laval M 3  duct. The reason for this might be that measurements, on which the 
correlation was based, were performed on a plate heat exchanger with boundary effects 
caused by the distributors and the ports o f the plate channel.
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Figure 11.21: Comparison o f numerical and experimental pressure drop results
In comparison with the correlation for the A lfa  Laval P01 plate channel the predicted 
pressure drop is lower by an average o f -1 8 % . Therefore it can be assumed that the 
pressure drop per unit length at the in- and outlet distributor region o f the plate channel 
is higher than over the corrugated section, leading to higher Fanning friction factors.
The best agreement of turbulent numerical results with experimental Fanning friction 
factors was obtained for the corrugated section of an A lfa  Laval M 6 duct. The average 
error is only about -4 % . However it should be noted that the plates have different 
geometrical parameters. The A lfa  Laval M 6 plate has a larger wavelength (difference of 
about + 2 0 %) compared to the computational domain, which usually decreases the 
pressure drop. Conversely, the smaller amplitude increases the pressure drop. Therefore 
this comparison can only be taken as a rough indicator o f the accuracy o f numerical 
results, which seems to be acceptable.
In Figure 11.22 the predicted Nusselt number o f the turbulent simulation, together with 
a correlation obtained from experimental data o f the A lfa  Laval M 3  duct, are plotted
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against the Reynolds number. The calculated values for the Nusselt numbers have an 
average error o f about 41%  over a range o f Reynolds numbers between 1000 and 3000 
when compared to the correlation.
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Figure 11.22: Comparison o f numerical and experimental heat transfer results
The numerical results as well as the experimental data were fitted to equation (7.6) and 
it was found that the computed Nusselt number is less dependent on the Reynolds 
number than the experimental results. The various values for the parameters c, n, m of 
the Nu-correlation are listed in Table 11.3.
Parameter Experimental datafit Numerical datafit
c 0.38 12.81
n 0.65 0.2274
m 0.33 0.33
Table 11.3: Numerical and experimental obtained parameters for  the Nusselt-equation: 
Nu=cRen i V “ (7.6)
In general the experimentally obtained Nusselt numbers for plate heat exchangers 
follow  a Re0,65 power-law (Zettler, 1997), which is different to the numerically obtained
< Correlation Zettler (Alfa Laval M3 plate, 6060) [Zet97] ; 
□ Simulation Turbulent (RNG k-epsilon, 6060)
3— a — n—
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solution of Re0,2274. This is mainly caused by the first two data points which show a 
higher deviation from the experimental data than the numerical results at Re>1500. One 
possible reason for the higher over-prediction at R e d 500 could be that the flow is in 
the transition regime. This would mean that some regions in the computational domain 
occur where the flow  is not fu lly  turbulent. The R N G  k-e model over-predicts the heat 
transfer in these regions, leading to a higher value for the Nusselt number o f the whole 
duct.
A  similar result was found in the numerical investigation o f flow  in a corrugated duct by 
Ciofalo et al. (1996b). They reported an overprediction o f the Nusselt number at 
Re<2000 using the standard k-s model. Even the use o f a low Reynolds number k-E 
model showed a dependence of only Re0,39 for the Nusselt number.
To prove the assumption that the flow  is not fu lly  turbulent at Re<1500, the data points 
obtained at Re>1500 were curve fitted. The obtained values for the Nusselt correlation 
are c=3.05 and n=0.41, which are closer to the experimental values and indicate that the 
flow  reaches a fu lly  turbulent state above Re=1500.
In  addition, two further simulations for heat transfer at lower Reynolds numbers were 
made using the laminar flow  model, resulting in an underprediction o f -25% . The results 
are illustrated in Figure 11.23 together with the fu lly  turbulent solution (Re>1500) and 
the results obtained by the experimental correlation. It can be seen that the assumption 
of transition flow  seems to be reasonable since the experimental correlation lies in- 
between the laminar and turbulent solution. Both models lead to an error in prediction 
of heat transfer at R<1500: the laminar flow  model leads to an underprediction, the 
turbulent flow  model leads to an overprediction.
A  further reason for the deviation is that the experimental data were obtained for bulk 
temperatures o f about 330 K , whereas the fluid temperature at the inlet o f the simulation 
was 300 IC. The fluid properties are not equal, hence the Prandtl number is higher in the 
case o f the simulation. Therefore, to compare the experimental and numerical data
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without influence o f the temperature, N u /P r1/3 was plotted versus Reynolds number as 
illustrated in Figure 11.24.
Reynolds [-]
Figure 11.23: Comparison o f  numerical and experimental heat transfer results
Re[-]
I
Figure 11.24: Comparison o f numerical and experimental Nu Pr versus Reynolds 
number curves
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This representation o f heat transfer data confirms the observation made above, namely 
that the turbulent simulation does not solve for the transition region. A t higher Reynolds 
numbers (Re>1500) the simulated values and the experimental data are in reasonable 
agreement.
To investigate the effect of predicted results on the evaluation o f overall heat transfer 
coefficients for a real plate heat exchanger, the film  heat transfer coefficients o f the hot 
water side, cthot, and the c° ld  side Ocoid were calculated using equation (7.7). The overall 
heat transfer coefficient, U c, was calculated using equation (7.4) and plotted versus 
Reynolds number as seen in Figure 11.25. Tw o data fitted curves are presented, one 
fitted to all numerical results and one which was obtained by fitting to numerical results 
at Re>1500.
Re [-]
Figure 11.25: Comparison o f predicted and measured overall heat transfer coefficients
It can be seen that both solutions over-predict the heat transfer, but the solution obtained 
by data fitting to numerical results at Re>1500 shows somewhat less divergence in the 
low Reynolds region. The average error is about 20 % for this solution and within the 
range o f 25-30%  for the fitted curve with all numerical results. Using the numerical
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prediction would therefore lead to a selection of a heat exchanger surface area that 
would be at least 20%  to small. However it can be summarised that the numerical 
results o f pressure drop and heat transfer in a 60760° are in general agreement with 
experimental data, which leads to the assumption, that the R N G  k-e model is capable to 
solve the complex flow  in a plate heat exchanger geometry. Numerical results for the 
evaluation o f parameters should be taken at Re>1500 to avoid the influence o f flow  in 
the transition flow  regime.
For the results and discussion of numerical predictions in a 30730°-geom etry, please 
refer to W enz (2001). The simulations o f flow  with heat transfer in ducts with different 
corrugation angles (30730°, 60760°) have shown that the prevailing flow  characteristics 
are different.
For the 60760° channel the numerical results at lower Reynolds numbers (R e d  500) 
were less accurate due to a partly transitional flow  in the corrugated duct. A t higher 
Reynolds numbers the prediction showed good agreement with experimental results, so 
that the assumption o f fu lly  turbulent flow  is correct.
In the 30730° channel the state is less turbulent which causes a large difference in heat 
transfer and pressure drop in comparison with experimental results, over the whole 
range o f investigated Reynolds (1000<Re<3000). It should be mentioned that for both 
geometries the use of periodic boundary conditions is applied. However, the short 
length o f the simulated geometries could also be the cause for a non-development of 
fully turbulent flow which affects the accuracy o f numerical results.
The simulations o f turbulent flow in corrugated ducts with two different corrugation 
angles, namely 30730° and 60760° have shown that the flow  conditions in the wake of 
the contact point cause vortex formation leading to re-circulation zones. Additionally 
stagnant zones around the contact point could be seen. Around the contact points high 
temperatures caused by heat accumulation were predicted. Since high temperature and 
low flow  velocities are two criteria necessary for fouling to occur, the prevailing flow  
conditions are responsible for the risk o f deposition due to CaS0 4  crystallisation.
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However, the flow  structure in the wake o f the contact point is dependent upon the 
corrugation angle. A t a low corrugation angle o f 30730° the vortices are less developed 
with low flow  velocities whereas at a higher corrugation angle 60760° a formation of 
two vortices rotating with high peripheral velocity behind the contact point could be 
seen.
B y analysing the wall shear stress and temperature near the contact point in dependence 
of the flow velocity and corrugation angle, the risk o f deposition could be predicted. 
The numerical results showed that an increase in flow  velocity has a high influence on 
the wall shear stress, whereas the temperature field around the contact point is not 
affected. Therefore, the decrease in fouling deposition due to an increased flow  velocity 
is mainly based on the existence o f higher wall shear stresses.
Additionally the influence o f the corrugation angle was examined. It  could be seen that 
the wall shear stress at constant velocities in the wake o f the contact point for the 
60760° geometry is 10 times lower than in the 30730° geometry. The temperature 
distribution has shown that the risk o f deposition around the contact points increases 
with decreasing corrugation angle. These results were in good agreement with 
experimental observations of deposition in heat exchangers where a higher deposition 
was found at lower corrugation angles.
In comparison with experimental results of flow  in a 60760° A lfa  Laval M 3  duct the 
numerical result for the pressure drop showed a deviation of -3 1  %. This was caused by 
the inlet, outlet and distributors pressure drop, which were not included in the numerical 
calculations. The best agreement with a deviation o f -4 %  was found with pressure drop 
data o f the sole corrugation o f a plate channel with a 60760° corrugation angle and 
similar amplitude and wavelength.
The comparison o f heat transfer has shown at Re>1500 a deviation not greater than 9 %. 
A t Re<1500 the deviation was in the range of 25%  to 40% . It  was suggested that the 
flow  is not fully turbulent in the computational domain leading to an overprediction of 
Nusselt number.
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The numerical results o f pressure drop in a 30730° geometry showed a deviation in 
average o f about -45%  of the pressure drop obtained by experimental measurements 
using an A lfa  Laval M 3  duct. Compared with experimental data obtained for the 
corrugated section o f a plate channel with similar geometrical parameters, the turbulent 
numerical results deviated as well. This is caused by the transition state in the 
computational domain over the range o f Reynolds numbers between Re=1000 to 
Re=3000. Therefore laminar flow prediction showed better agreement with 
experimental data. This is probably caused by a lower turbulent state in some areas of 
the computational domain leading to a better agreement o f the numerical laminar and 
experimental result.
The heat transfer prediction confirmed this assumption since the laminar results with 
heat transfer were closer to the experimental ones. Therefore it can be assumed that the 
flow in a duct with a corrugation angle o f 30730° consists o f flow  areas which are 
nearly laminar so that a prediction with the laminar flow model leads to a better 
agreement with experimental results.
The numerical results obtained by turbulent simulations o f flow  in the 30730° and 
60760° geometry were compared and it could be seen that the heat transfer increased by 
increasing the corrugation angle. However this causes a higher pressure drop. Since this 
result is in good agreement with experimental data, concerning the influence o f 
coiTugation angle on heat transfer and pressure drop, new heat exchanger corrugations 
were designed to obtain favourable geometrical shapes for new corrugation designs.
The predicted influence of flow  pattern on fouling behaviour in P H E  dependent on the 
influence of flow  velocity and corrugation angle is presented in W enz (2001).
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11.5 Corrugation Design Study
Tw o objectives have to be reached when attempting to design an improved corrugated 
part o f plate heat exchangers:
•  The inducement o f a high three dimensional turbulent flow  at low Reynolds 
numbers to enhance the heat transfer with acceptable pressure drops.
•  The generation o f high shear forces to decrease the deposition rate o f foulants and/or 
to enhance the removal o f an already established fouling layer.
To  avoid transitional flow  in the computational domains, only corrugations with Pp>60° 
were designed where it could be assumed that a fu lly  turbulent state was reached.
11.5.1 Asymmetricai Corrugation
The wavelength has a major influence on the thermo-hydraulic characteristic o f the 
corrugation. A  lower wavelength (at constant amplitude and corrugation angle) leads to 
an enhanced heat transfer and generates a higher 3-dimensionality o f the flow , which 
can prevent the deposition o f fouling layers. However, in the case o f symmetrical 
corrugations this is usually coupled with a higher pressure drop. Therefore, an attempt 
was made to design plates with an asymmetrical corrugation design, and to investigate 
i f  this variation can achieve high heat transfer with acceptable pressure drops.
Geometry and mesh:
To specify an asymmetrical sinusoidal curve, the wave was split into two parts. The 
front part was kept normal (A lfa  Laval M 3  plate) with half a wavelength o f the 
sinusoidal curve (X i=0.0103 m), whereas the rear part was generated with half a 
wavelength o f a sinusoidal curve with a wavelength o f A,2=0.00515 m, as can be seen in 
Figure 11.26. The result is an asymmetrical sinusoidal curve with a wavelength of 
A,new=0.007725 m.
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The geometry generation for these ducts o f asymmetrical corrugations was different to 
the conventional geometry generation. The symmetry line, where the upper and lower 
corrugations o f the plates are in phase, was determined with the new asymmetrical 
sinusoidal curve. The geometry, which is illustrated in Figure 11.27 has a length o f 
Xnew=0.007725. The corrugation wavelength AP is then described by the following  
equation:
Ap =  Anew - sin Pp =  0.00669m  (11.10)
In  comparison, the corrugation wavelength is shorter than the corrugation wavelength of 
a standard A lfa  Laval M 3  plate. Therefore, an increase in heat transfer was expected and 
it was assumed that the variation of higher slope and lower slope o f the corrugation 
would enhance the 3-dimensionality of the flow  to increase w all shear stresses at 
locations where deposition is at risk. The corrugation angle o f this new corrugation 
design is 60° and the amplitude is the same as for the conventional A lfa  Laval M 3  plate.
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Figure 11.27: Geometry o f a corrugated duct with asymmetrical corrugation pattern
An unstructured mesh with a node distance o f 300 pm was generated. The numerical 
grid consists of 206,000 cell volumes. To generate periodic boundary conditions for the 
inlet and outlet the face meshes were linked.
Numerical Results and Discussion
Figure 11.28 shows the velocity field o f the mid-plane at an average velocity o f ux=0.35 
m/s. It can be seen that the asymmetrical geometry o f the corrugations changes the main 
flow characteristics in the duct compared to a conventional duct o f symmetrical 
corrugated plates. Behind the contact point, two vortices can be identified. One o f the 
vortices is on the right hand side perpendicular to the flow. This vortex causes a high 
average velocity immediately behind the contact point. The other vortex on the left side 
behind the contact point is less developed with a lower average velocity. The 
explanation for this difference is a non-uniform flow caused by a different reduction in 
cross sectional area at the left and right side at the contact point.
-283 -
Numerical Flow Investigation in a PHE
2 .006+00 
1.830+00 
1 67©+00 
1.50e+00 
1.33©+00 M ain  flow  
1 .i7e+oo direction
1.00©+00 
8 .3 4 0 -0 1  
6 .68©-01 
5 .0 2 0 -0 1  
3 .3 6 0 -01
1.690-01 Y  .
1— >
S.06e-03 z '
Velocity Vectors Colored By Velocity Magnitude (m/s)
Figure 11.28: Velocity distribution at the mid-plane (plane o f contact points, average 
velocity: ux=0.35)
In Figure 11.29 the temperature and velocity field of the fluid near the lower wall is 
illustrated. The influence o f the asymmetrical flow structure can be seen because the re­
circulation zone on the left hand side behind a contact point which produces an 
accumulation of thermal energy in this fluid area, leading to higher temperatures.
In the case o f fouling due to crystallisation, the higher temperature in this area leads to 
risk o f deposition. However the high temperature zone is very small because its location 
is in the bulk flow stream where the flow velocity is comparably high. The other zones 
near the contact point show low temperatures and high velocities, which are the best 
conditions against fouling. Especially remarkable is the situation behind the contact 
point, where the flow has a high velocity due to the shifted vortex, which produces high 
peripheral velocities leading to a lower rate of deposition. Therefore, it can be assumed 
that the risk o f deposition in this geometry is reduced because the vortex has a strong 
effect on the area behind the contact point, where usually a stagnation zone leads to
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fouling deposition. The high temperature zone is moved into the main stream where 
higher velocities exist, leading to higher shear forces. Therefore a smaller net rate of 
deposition can be expected.
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Figure 11.29: Temperature distribution on the lower wall (average velocity 
ux=0.35m/s)
Figure 11.30 shows the Nusselt number plotted versus the Reynolds number for an A lfa  
Laval M 3  duct (60760°) and for the duct of plates with asymmetrical corrugations. The 
numerical results of the simulated flow with heat transfer were fitted to the Nusselt 
equation at Re>1500. It can be seen that the new design is not significantly better in 
thermal efficiency than a conventional plate. A t low Reynolds numbers the values are 
nearly equal. A t all Reynolds numbers the Nusselt number dependence leads to about 
10% higher heat transfer. This result is somewhat surprising because it stands in 
contradiction to what has been reported in the literature concerning the change of heat 
transfer at various corrugation wavelengths.
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Chen-Chung (1999) reported an increase o f heat transfer o f about 33%  i f  the 
wavelength was decreased by 25% at a corrugation angle o f 60760°. The heat transfer 
enhancement was expected for the simulated geometry to be o f the same order o f 
magnitude. An explanation for this might be that a too small wavelength w ill have an 
influence on the secondary swirling flow effect, thus slowing down the increase o f heat 
transfer (Chen-Chung, 1999). Meanwhile, it should be noted that the correct trend is 
predicted.
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Figure 11.30: Comparison o f numerical heat transfer results
The pressure drop characteristic o f the newly designed geometry is illustrated in Figure 
11.31 in comparison with numerical results o f the conventional 60760° duct of 
symmetrical corrugations. The flow  in the newly designed corrugation causes an about 
55%  higher pressure drop in a range o f 1700<Re<3200. This is probably caused by 
strong vortex formation behind the contact points. A t higher flow  velocities the pressure 
drop difference decreases but a difference o f 40%  still remains. Therefore the effect o f 
the new design on pressure drop is greater than the influence on heat transfer.
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However, when fouling occurs in a heat exchanger a shut down of the whole process 
can be necessary which causes high costs. Hence the pressure drop can in some cases be 
accepted i f  the running time of a process could be extended.
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Figure 11.31: Comparison o f numerical pressure drop results
The investigation of flow in a duct o f asymmetrical corrugations has shown that an 
enhanced heat transfer can be expected. The pressure drop is comparatively high which 
may suggest that a strong turbulent flow is induced. The vortex formation causes in the 
region behind the contact point increased wall shear stresses. Therefore a more 
attractive performance regarding fouling can be expected. Hence this design variation 
may be o f interests to processes where a shut down of the process causes exceptionally 
high costs.
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11.5.2 Egg Carton Shaped Plates
A ll simulations o f flows in ducts o f corrugated plates with herringbone design have
shown that the most critical zone, where crystallisation fouling occurs, is in the high
temperature low flow  velocity area around the contact point.
Nevertheless, the contact points are important for:
•  mechanical support of the plate heat exchanger
•  inducement o f high turbulence
Therefore, it is not possible to design a plate corrugation without contact points. 
However, the flow  between the contact points can be optimised. One approach is to 
reduce areas with re-circulation. Another is to enlarge the flow  velocity in these areas 
leading to higher wall shear stress. In  this chapter the basic design o f the corrugation 
was modified to produce a turbulent flow, which enhances the wall shear stresses and 
therefore reduces the net rate of deposition o f fouling layers. Although this design is 
only theoretical, it would be feasible to produce it as a real plate because the design 
should give enough mechanical strength to enable the practical use in a plate heat 
exchanger. It was assumed that an increase in turbulence would also increase the heat 
transfer.
Geometry and mesh
The egg-box corrugation was set-up using the sinusoidal structure o f the A lfa  Laval M 3  
plate. The plate consists o f quadratic elements with dimples as can be seen in Figure 
11.32. The length o f this element is equivalent to the wavelength o f an A lfa  Laval M 3  
plate and the corrugation angle is 90°.
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Figure 11.32: Geometry o f a corrugated duct with egg-box corrugation pattern
The contact points o f this geometry are in the inlet and outlet section o f the flow  
channel. In between the inlet and outlet the crests of the upper and lower corrugations 
do not touch. The adjacent flow channel is also called negative egg-box channel. It was 
generated by turning the upper plate and putting it on the top side o f the flow channel. 
This channel is illustrated in Figure 11.33.
Unstructured meshes with a node distance o f 300 |xm were generated for both 
geometries. The numerical grids consist of 272,000 and 274,000 cell volumes for the 
egg-box geometry and for the negative respectively. To generate periodic boundary 
conditions for the inlet and outlet the face meshes were linked.
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Figure 11.33: Geometry o f a corrugated duct with egg-box corrugation pattern 
(negative)
Numerical Results and Discussion for Flow in the Egg-box Channel
The velocity distribution o f the mid-plane is illustrated in Figure 11.34. The fluid is 
accelerated between the contact points due to a reduced cross sectional area. Large areas 
with low flow velocity can be seen behind the contact points. The vortices lead to 
accumulation o f heat behind the contact points, which can be seen in Figure 11.35.
In the high temperature zone the wall shear stresses are low due to low velocities. 
Hence it is assumed that the designed corrugation does not reduce the risk o f deposition 
due to crystallisation. The same conditions as experienced by the conventional A lfa  
Laval M 6  ducts prevail: low shear forces causing a reduced removal rate and high 
temperatures leading to a higher driving force for deposition.
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Figure 11.36 allows a comparison between the contours of surface heat fluxes at the 
lower wall of a conventional A lfa  Laval M 3  duct (60760°) and the surface heat fluxes at 
the lower wall of the newly designed corrugation at an average velocity o f ux=0.35 m/s.
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Figure 11.36: Comparison o f surface heat flux in a conventional corrugated duct and in 
a egg-box corrugated duct (lower plate, average velocity: ux=0.35)
In comparison with the conventional 60760° duct, the heat transfer to the fluid in the 
egg-box duct is higher. The acceleration behind the inlet face causes high surface heat 
fluxes especially on the lu ff sides o f the lower wall. In the wake o f the contact point, the 
plate channel expands leading to a lower flow velocity, which causes a lower wall heat 
flux. Meanwhile, it is obvious that the heat transfer is less affected by the vortex 
formation in comparison with the heat flux in a 60760° duct. This leads to a higher heat 
transfer at low Reynolds numbers, which can be seen in Figure 11.37 where the Nusselt 
number is plotted versus the Reynolds number.
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It  is suggested that the lack o f large re-circulation areas in the wake o f the contact points 
is mainly responsible for the high difference in Nusselt number at low flow velocities. 
However it can be seen that the dependence on Reynolds number is very low, so that at 
higher velocities the difference decreases to about 5 %. This means that in the new 
geometry, the flow conditions and the heat transfer do not change significantly with 
increasing Reynolds number.
Figure 11.38 shows a comparison o f Fanning friction factors plotted versus the 
Reynolds number for the egg-box corrugated duct and for a 60760° duct.
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Figure 11.37: Comparison o f  numerical heat transfer results
Over the whole range of Reynolds numbers the new design induces a lower pressure 
drop. This is caused by less energy losses at the contact point. In a conventional 60760° 
duct, re-circulation and swirling flow  lead to a high pressure loss. In  this new design, 
the flow is less swirling leading to a more straight flow.
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Figure 11.38: Comparison o f numerical pressure drop results
The duct of egg-box corrugations, which should mitigate fouling in a plate heat 
exchanger, does not improve the fouling deposition in comparison with a conventional 
60760° duct. However, it was found that heat transfer at lower Reynolds numbers in 
comparison with a conventional A lfa Laval M 3  plate corrugation geometry is enhanced. 
Furthermore the pressure drop is significantly reduced.
Numerical Results and Discussion for Flow in the Negative Egg-box 
Channel
For the negative egg-box channel only the thermo-hydraulic results are presented. This 
is due to the fact that it was generated to see whether the pressure drop characteristics or 
the heat transfer characteristics lim it the use of this plate design. The high number of 
contact points enhances for this channel the risk of deposition because o f re-circulation 
and high temperature zones. Therefore it is suggested to use this channel for heating 
fluids with a low fouling tendency. Figure 11.39 shows the heat transfer characteristic in 
comparison with numerical results o f 60760° duct.
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It can be seen that the other side of the egg-box channel shows a similar heat transfer 
characteristic as the A lfa  Laval M 3  duct. A t low Reynolds numbers the heat transfer is 
about 5% better but the dependence on the Reynolds number is less. Therefore the two 
curves almost coincide at higher Reynolds numbers. The Fanning friction factor o f this 
channel is illustrated in Figure 11.40. It can be seen that it is very similar to the Fanning 
friction factor in a conventional corrugated duct (60760°).
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Figure 11.39: Comparison o f numerical heat transfer results
This investigation of the negative egg-box channel has shown similar pressure drop and 
heat transfer characteristics as a conventional herringbone plate channel (60760°). 
Therefore the use of this new eggbox-design is not limited because by poor thermo- 
hydraulic characteristics o f the adjacent channel side.
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Figure 11.40: Comparison o f numerical pressure drop results
11.6 Comparison of Heat Transfer, Pressure Drop and Fouling Behaviour 
of Different Plate Designs
The two different corrugation designs (Asymmetrical Corrugation, Egg-box 
Corrugation) were compared in order to be able to see which o f them offers the best 
overall characteristics, such as heat transfer, pressure drop and expected fouling 
behaviour. Figure 11.41 shows the comparison o f heat transfer characteristic. It can be 
seen that the egg-box design shows a better heat transfer characteristic at Reynolds 
numbers less then Re=2800. The dependence on Reynolds is less than for the 
asymmetrical corrugation, which causes a cross-over of the two correlations. Figure 
11.42 shows the friction factor plotted versus the Reynolds number.
It can be seen that the flow in the duct of asymmetrical corrugations causes a higher 
pressure drop. The flow is more affected by low flow regions leading to higher Fanning 
friction factors. The constant Fanning friction factor of the egg-box design indicates that 
the flow is earlier in a fully turbulent region, which explains the better heat transfer. To  
compare the fouling behaviour o f the two ducts, the contours o f wall shear stresses at 
the lower wall were investigated. As there is no general value for the wall shear stress
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where fouling deposition occurs, a lim it was assumed from experimental results in 
comparison with numerical results.
Reynolds [-]
Figure 11.41: Comparison o f numerical heat transfer results o f different corrugation 
designs
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Figure 11.42: Comparison o f numerical pressure drop results o f different corrugation 
designs
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A t a flow velocity o f 0.65 m/s in a 60760° heat exchanger duct, the fouling deposition is 
low and occurs mainly behind the contact points (Zettler, 1997). Therefore, it can be 
assumed that there is a lim it of wall shear stress, where deposition is at risk. This value 
was estimated from numerical results o f the flow in the 60760° geometry to be 
approximately 5 Pa. I f  the value is higher, fouling is less probable whereas at lower 
values the deposition is possible.
In Figure 11.43 and 11.44 the wall shear stresses at the lower wall which are less than 
the reference value of 5 Pa are illustrated. The average velocity is 0.35 m/s.
It can be seen that there are large regions where low shear stresses occur in the egg-box 
duct, as illustrated in Figure 11.43, which is mainly the reason for the low overall 
pressure drop in this geometry. In  regions where the flow gap is reduced, in-between the 
contact points, the shear stresses reach high values and therefore deposition is not 
probable. Critical zones are in the wake of the contact points, where re-circulation zones 
with low velocities occur. This zone extends downstream over the dimples behind the 
contact point.
The duct o f asymmetrical corrugations shows fewer areas where low wall shear stresses 
occur. In the wake o f the contact point some regions with lower w all shear stresses can 
be seen, but it is obvious that these zones are less extended in comparison with the low  
wall shear stress zones in the egg-box corrugated duct. Furthermore it can be seen that 
immediately behind the contact point the wall shear stresses are high, which is caused 
by the vortex, with high flow  velocities.
This rough comparison shows that the duct o f asymmetrical corrugations is less prone to 
fouling in comparison to the egg-box duct at the same average flow  velocity.
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Figure 3.43: Wall shear stress distribution (<5Pa) at the lower plate o f the egg-box 
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Figure 11.44: Wall shear stress distribution (<5Pa) at the lower plate o f the 
asymmetrical corrugated duct
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To summarise the most important results o f the investigation with two different 
corrugations a compilation o f the results in comparison with a conventional A lfa  Laval 
M 3  duct is presented in Table 11.4.
 ___________  Numerical Flow Investigation in a PHE
+: Better than Alfa Laval M3 (60760°) duct 
Worse than Alfa Laval M3 (60760°) duct 
=: Comparable with Alfa Laval M3 (60760°) duct
Pressure drop Heat transfer Fouling
Asymmetrical Corrugation - = +
Egg-box Corrugation + + =
Table 11.4: Comparison o f  main features o f investigated corrugation designs
The flow  in a duct o f asymmetrical corrugations generates a high pressure drop. Despite 
the small wavelength, the heat transfer is not significantly higher than in a conventional 
A lfa  Laval M 3  duct. However the deposition o f fouling layers is assumed to be less 
because the asymmetrical geometry o f the duct induces a vortex formation which acts 
like a brush in the region in the wake behind the contact points.
The flow in a duct o f egg-box corrugated plates has shown a lower pressure drop with  
higher heat transfer characteristics. The vortex formation behind the contact points is 
low leading to comparably low flow velocity zones. Therefore, the fouling behaviour is 
assumed to be comparable with the conventional corrugated duct. In  comparison with 
the duct o f asymmetrical corrugations the egg-box design is inferior.
11.7 Laminar Simulation of an Alfa Laval M3 Plate
Simulations were performed for a simplified geometry o f a corrugated duct, the 
dimensions o f which were identical with those o f the A lfa  Laval M 3  plates. For the sake 
of simplicity the inlet- and outlet distributor sections were approximated by flat ducts. 
The corrugated section has the same length and width as in the original A lfa  Laval M 3  
plate. The geometrical parameters o f the corrugation are summarised in Table 11.5.
Corrugation angle (3P Amplitude ap Wavelength X
60760° 1.2 mm 0.92 mm
Table 11.5: Geometrical parameters o f the corrugation
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Only isothermal laminar simulations were performed because a sufficient mesh for a 
turbulent simulation is not feasible as it would require approximately 5 108 meshed 
volumes. W ith the current computational resources this is not achievable. The numerical 
result o f the laminar simulations o f this work, however is a first approach to simulate 
the flow in a geometry similar to the corrugated chevron plates.
Geometry and mesh:
Figure 11.45 shows the geometry o f the plate. The inflow is on the left side and the 
outflow on the right side of the duct. An unstructured mesh with a node point distance 
of 1.32 mm was generated. Figure 11.46 shows a part of the mesh of the inflow  
distributor section. The numerical grid consists of 202,809 cell volumes.
Outflow Distributor 
Section
Outflow
Inflow
Inflow Distributor
Section Corrugation
Figure 11.45: Geometry o f a simplified herringbone duct
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Figure 11.46: Unstructured mesh o f the inflow o f the whole plate channel 
Boundary conditions and solution procedure:
Steady state and constant thermo-physical properties were assumed. Furthermore no 
heat from the walls was transferred where no-slip conditions were applied. A  mass flow  
inlet was set as inflow boundary and the outlet pressure was fixed to zero (relative to the 
operation pressure).
To solve the discretizised transport equations, the segregated solver was used with the 
S IM P LE C  pressure velocity coupling. Convective transport terms are represented by a 
first order upwind scheme.
11.7.1 Numerical Results and Comparison with the PEPT-Analysis
Figure 11.47 shows the velocity distribution at the mid-plane o f the duct (y=0; plane of 
contact points) at a flow velocity o f ux=0.35 m/s. It can be seen that behind the inflow, 
the flow next to the walls on both sides is faster than the flow velocity in the middle of 
the stream. This could be influenced by friction in the inlet port and by the distribution 
after the inlet port, where the flow has only one third of the area to flow  through.
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A  low flow velocity zone occurs in the comer o f the inlet distributor section on the 
lower left side (A ). In the dead zone at the inflow (B ) a stagnant zone can be seen. 
Further low flow velocity zones are behind the contact points o f the corrugated section 
and on the right and left wall sides o f the duct.
The contact points influence the flow especially at the transition zone from the 
corrugated section to the outlet distributor zone. Therefore, large strands with vortices 
occur in this area (C).
Figure 11.48 shows the vortex formation behind some contact points of the corrugated 
section. The two characteristic vortices which could be seen in simulations of smaller 
parts of a 60760° duct (Chapter 11.3.1) can not be identified, due to the relatively coarse 
mesh used for this simulation. However, the computational domain represents the 
contact points between the plates.
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Figure 11.47: Velocity distribution on the mid-plane (average velocity ux=0.35)
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Figure 11.49: Re-circulation zone in the comer o f the outlet distributor section
In  Figure 11.49 the re-circulation zone in the outlet distributor region is illustrated. It  
was found that for higher flow  velocity this recirculation zone was larger due to intense 
vortex formation. It  is known from fouling experiments that this is one o f the regions 
where fouling in a conventional plate heat exchanger is initialised. Figure 11.50 shows a 
comparison o f simulated (A ) and experimental (B) flow velocity maps obtained by the 
experiments with the PEPT method.
It can be seen that the numerical solution gives a more distinguishable representation of 
the flow velocity distribution across the corrugation than the experimental velocity map. 
The reason is that the velocity distribution obtained by PEPT represents mainly the bulk 
flow. It  seems that the detected velocities are not higher than the average velocity. 
Therefore it can be assumed that the tracer was not detected in the higher flow velocity 
zones in the gap near the contact points. Furthermore the tracer was not detected in 
every location o f the duct leading to a decrease of points for the calculation o f the 
velocity. This causes a wider velocity distribution.
Low  flow  velocity zones in the lower left comer and upper right comer o f the inlet- and 
outlet distributor sections occur in the simulation as well as in the experimental 
visualisation. The low flow velocity in the region alongside the walls can be seen in 
both visualisations but the resolution o f the experimental results is not fine enough to 
obtain enough detailed information for comparison with simulated values. A  
comparison o f flow velocities in the corrugated section is difficult, because the 
simulation includes high velocities o f up to 1 m/s, which prevail in the small gaps near 
the contact points.
Since it is possible to visualise the experimental path lines, a qualitative comparison of 
the flow  pattern obtained by numerical simulation with experimental results o f the 
PEPT method can be made. In  the illustration o f flow  paths in Figure 11.51 it can be 
seen that the path lines o f the simulation have, in comparison to the experimental ones, 
a more longitudinal flow  pattern. Some path lines end in the wake o f the contact points, 
because the simulation does not evaluate the re-attachment point. The path lines in the 
experiment show a superposition o f crossing flow  along the furrows and longitudinal 
between the rows of contact points.
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Figure 11.50: Comparison o f velocity distribution at an average velocity o f 0.35 m/s:
A) Laminar Simulation; B) Experimental result (PEPT)
It is possible that the flow conditions in the simulation are too different to those 
prevailing in the experiments and therefore only few zones in the computational domain 
showed the same flow properties. The numerical results were simulated with a constant 
mass flow at the inlet whereas the experiments were carried out with a peristaltic pump. 
This causes a more pulsating flow, which might influence the flow pattern as well as the 
flow velocity.
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Figure 11.51: Comparison o f flow paths at an average velocity o f  0.35 m/s:
A) Laminar Simulation; B) Experimental result (PEPT)
11.8 Design Study to Optimise the Distributor Section of a Plate Channel
Simulations and experimental results have shown that the flow distribution in a diagonal 
flow is uneven, leading to re-circulation zones. Therefore, the duct was re-designed 
such that comers o f the flow channel were smoother, leading to less vortex formation.
Geometry and mesh:
Figure 11.52 shows a duct of a redesigned plate with one central port on the left side 
and two ports on the right side. The new design is more streamline in comparison to the 
conventional diagonal flow design. This design could be used in conventional plate heat 
exchanger frames because the principal rectangular geometry o f the plate would be the 
same and the flow channel would be generated by a different shape o f the gaskets.
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Below this illustration, a series arrangement o f the flow channels can be seen which 
explains, schematically, the possible flow configuration o f this plate design. The fluid  
(red arrow) enters in Channel 1 through the central inlet at the top, and leaves through 
the two ports at the bottom. These are connected to Channel 2, which has therefore two 
inlets and one central outlet. To complete the illustration, one channel o f the process 
fluid is illustrated which is in between these two channels. This plate design allows also 
the looped arrangement (U-type, Z-type) which was explained in detail in Chapter 7.1. 
Hence this new design leads to two different flow ducts which were simulated to 
investigate i f  the new design improves the flow distribution in comparison to a 
conventional diagonal flow duct. For the simulation o f the different channels the same 
computational domain could be used, by changing the boundary conditions. The node 
point distance is 1.35 mm and the generated numerical grid consists o f 261,218 cell 
volumes. The boundary conditions and solution procedure are identical to those used in 
the whole plate simulations of the conventional diagonal flow duct in Chapter 11.7.
Figure 11.52: Geometry o f the re-designed duct and a possible series arrangement o f  
the plates
One central port
Two ports
Channel 1
Channel 2
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11.8.1 Numerical Result and Discussion
Numerical results Channel 1 (one inlet; two outlets):
Figure 11.53 shows the velocity distribution on the mid-plane in the re-designed duct at 
a flow velocity of ux=0.35 m/s. High flow velocities can be seen in the inflow because 
the flow gap in this region is small leading to a high flow velocity. The flow is well 
distributed over the whole plate width after the inflow. The velocity at the transition 
zone to the corrugated section is uniform with values of about 0.35 m/s. Re-circulation 
zones exist behind the contact points across the corrugated section. It seems that these 
re-circulation zones are almost independent o f the duct geometry. The reduced flow gap 
at the two outlets lead to a further increase in flow velocity.
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Figure 11.53: Velocity distribution at the mid-plane (average velocity ux=0.35 m/s)
Figure 11.54 shows the velocity contours of the distributor zones o f the inflow of a 
conventional duct, alongside those of the re-designed duct. The new design does not 
show the low flow velocity zones, which occur in the lower comer o f the conventional 
distributor zone.
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flow direction
r
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Re-designed Inflow Conventional Inflow
Figure 11.54: Comparison o f velocity distributions in the inlet distributor section 
(average velocity ux=0.35)
Re-designed Outflow Conventional Outflow
Figure 11.55: Comparison o f velocity distribution at the outlet distributor section 
(average velocity ux=0.35)
Figure 11.55 shows the velocity contours in the outlet distributor zones of both ducts. It 
can be seen that the new design leads to less re-circulation behind the contact points at 
the transition zone between the corrugated section and the outlet distributor section. The 
zone of re-circulation in the upper comer at the outlet distributor section o f the 
conventional duct does not appear in the new geometry because the duct geometry is 
‘smoother’ . Hence it can be assumed that the new plate geometry improves in this flow-
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channel configuration with one central inlet and two outlets because the flow  
distribution is more even in comparison to a conventional duct, where in this zone the 
fouling deposition is initialised.
Numerical results of the flow in Channel 2 (two inlets; one central outlet):
For the simulation of the second channel, the flow direction was reversed so that the 
two outlets became inlets, and the central inlet changed to a central outlet. Figure 11.56 
shows the velocity distribution at the mid-plane, at an average velocity o f ux=0.35 m/s. 
Several vortices can be seen in the inlet distributor region. One o f them can be seen in 
the middle on the symmetry line between the two inlets. The flows of the inlets meet at 
the symmetry line of the duct, which causes a low pressure suction zone with vortex 
formation. The flow velocity after the inlets is high due to a small cross-sectional area 
of the inlets. Therefore the flow hits the other side of the wall, and is reflected leading to 
vortex formation.
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Figure 11.56: Velocity Distribution at the Mid-plane (Average Velocity ux=0.35 m/s)
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Figure 11.57 shows the comparison o f the in- and outflow velocity contours o f the m id­
plane. The vortex formation behind the inlet can be seen. A t the transition zone to the 
corrugation, the new design distributes the flow  uniformly over the whole width.
The outflow region o f this duct shows a more uniform velocity field, so that for further 
improvement o f the design only the side with two inlets needs to be re-designed. This 
could also cause a change o f the flow  conditions o f Channel 1, where these two ports 
are the outlets and consequently a complete simulation o f both ducts has to be done.
The simulation of Channel 2 of the new plate geometry has shown that some re­
circulation zones exist especially in the inlet. However it can be assumed that by re­
designing the size o f the two ports on the one side o f the duct, the new channel design 
improves the flow  distribution and mitigates the fouling deposition.
There is still the uncertainty that no experimental outcome can prove the numerical 
results. The numerical error is mainly caused by the use o f the laminar flow  model. This 
assumption is not correct. Previous simulations of this study have shown that the 
numerical result obtained by using the laminar flow  model are less accurate because of 
high turbulence intensity in the flow  and a great influence o f the corrugated walls. 
Better results could be expected i f  the work is extended to turbulent flows which to-date 
require a geometry reduction to have enough computational resources to generate 
sufficient meshes.
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12.1 Conclusion
In the present work, the influence of surface properties (surface free energy &  surface 
roughness) on crystallisation fouling, biological fouling, wax deposition and corrosion 
has been investigated. In  order to carry out the experimental investigations on 
crystallisation and biological fouling, the surfaces o f several pairs o f A lfa  Laval M 3  
stainless steel heat exchanger plates have been modified. The experiments for the 
investigation on paraffin deposition on modified surfaces have been earned out using 
stainless steel tubes with various surface modifications, to change surface energy and 
roughness. The corrosion tests have been performed with modified carbon steel 
specimens (see Appendix A ).
Test samples have been treated using different surface treatment technologies, namely 
ion beam implantation, magnetron &  arc ion sputtering, carbo-nitriding &  oxidising, 
electroplating, chemical vapour deposition, commercial coatings and N i-P -PTFE  
coating. These treatment techniques have been used for the reduction o f the surface free 
energy o f the test surfaces. Tw o pairs o f plates have been pickled and electropolished in 
order to achieve rougher and smoother surface conditions compared to the untreated 
plates.
The surface free energy o f the treated surfaces was calculated from dynamically 
measured advancing contact angles using the sessile drop method. For the ‘high energy’ 
surfaces (untreated, pickled, sand blasted, sanded and electropolished), a two-liquid 
method was applied using two different n-alcanes and water as test liquids. In  case of 
‘low energy’ surfaces (ion implanted, sputtered, carbo-nitrated &  oxidised and N i-P - 
PTFE coated), the contact angles were determined with a one-liquid method. Water, 
benzyl alcohol and ethylene glycol were used as test liquids, and air represented the 
embedding phase.
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Untreated, pickled and electropolished surfaces provided values for the surface free 
energy ranging from 85.0 to 89.0 mJ/m with polar contributions varying from 22.6 to 
26.1 mJ/m2. Ion implantation reduced the surface free energy to values o f around 30 
mJ/m2 with negligible polar components. Sputtering with D L C  led to the same 
reduction in surface free energy as in case o f ion implantation, but with a higher polar 
contribution o f more than 50 %. Carbo-nitriding &  oxidising and sputtering with 
amorphous carbon decreased the surface free energy to values o f around 40 mJ/m2 with 
almost no polar contributions. The TaC treatment provided the lowest value for the 
surface free energy (7.5 mJ/m2) consisting mostly o f the disperse component. Coating 
with N i-P -P TFE  reduced the surface free energy to a value o f around 30 mJ/m2 with a 
high polar part of more than 60 %. Tempering of the N i-P -P TFE  treated plates reduced 
the polar contribution to less than 25 %. Very high polar surface free energies were 
shown by the TiCfy, M o , Ni90-A1110, and N i-W  coated surfaces, being up to 85% of the 
total surface energy. Almost apolar (no polar part o f the surface energy), were the nylon 
coated and the Ek-38 coating.
The surface roughness o f all the specimens was measured using the stylus method. The 
arithmetic average roughness height, Ra, was used as the characteristic surface 
roughness parameter. For the heat exchanger plates it was found that the top and bottom 
of the plate corrugations were smoother than the sides o f the corrugations, due to the 
manufacturing process of the heat exchanger plates. The values o f Ra for all heat 
exchanger plates except the TaC sputtered plates were found to be below 0.5 pm on top 
and bottom o f the corrugations and varying between 0.5 and 1.0 pm on the corrugation 
sides. The TaC treatment generated values of Ra, which were approximately ten times 
higher than in case o f all the other treated and untreated plates. It  was found that not 
only the sandblasted tubes showed a high surface roughness, but also some other 
coatings, namely the molybdenum and nickel-aluminium treated tubes, which possessed 
more than ten times higher values than the untreated stainless steel tube. Very low  
surface roughness was observed at the electropolished sample as well as at the N i-P - 
PTFE and copper electroplated tubes.
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12.1.1 Fouling Tests in PHEs
To investigate the influence o f surface properties (surface free energy &  surface 
roughness) on crystallisation fouling and biological fouling in PHE, two test rigs, one of 
them particularly built for this investigation were used. The surfaces o f several pairs of 
A lfa  Laval M 3  stainless steel heat exchanger plates have been modified. For all the tests 
on the influence of surface treatments on fouling mitigation, all the remaining 
experimental parameters such as solution composition, temperatures, flow velocities 
and corrugation inclination angle o f the plates were kept constant in all experimental 
runs. During the tests in the PHE, the flow  velocity/mass flow  rate on the solution side 
was kept constant, even though the local solution velocities increased with deposit 
formation due to the reduced cross-sectional area o f the solution flow channel. 
Supersaturated aqueous calcium sulphate solution made of salt mixtures was used as the 
process fluid in the crystallisation tests. Rhine river water was used in the biological 
fouling tests.
Fouling resistance, Rf, and pressure drop, Ap, were measured in the fouling experiments 
and then used to evaluate the fouling behaviour of the modified heat exchanger plates. 
The initial heat transfer coefficients varied little, namely between 5,337 and 5,644 W /m 2 
K. Due to the higher heat transfer resistance o f the treatment, the TaC  layer was the 
only exception, with an initial heat transfer coefficient o f 3,520 W /m 2 IC. The initial 
pressure drop o f all experiments was 0.200 ±  0.020 bar. A ll experimental runs with 
treated heat exchanger surfaces were compared to the results obtained with an untreated 
set o f stainless steel plates. In case o f the biofouling experiments, performed at BASF, a 
second PH E with untreated plates was operating parallel to the one with the treated 
plates, for a better comparison and evaluation of the performance o f the treatment.
Three different lands o f ions (Si+, F+ and H + ions) were used for the ion implantation 
treatment. One set o f plates was treated with Si+ and F + in combination. Implantation of 
F + ions reduced the asymptotic resistance to only half the value o f the untreated plates, 
and the implantation o f Si4' ions led to a further reduction of this value. The combination 
of Si+ and F+ ions led to less fouling than in case of the F + implanted plates, but the 
plates performed not as good as in case o f Si+ implantation. The measured pressure
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drops corresponded to the observed fouling resistance. The performance o f the H + 
implanted plates deviated strongly from the observations with the other ion implanted 
heat exchanger plates. No asymptotic fouling behaviour could be observed, and the 
pressure drop increased rapidly to a very high value, although the surface energy was 
only slightly different from the other ion-implanted plates. In  earlier investigations, it 
could be shown that Y t  implanted heater rods performed different leading to final 
average heat transfer coefficients, which were more than 100 % higher than those o f the 
bare surface (Miiller-Steinhagen et al., 1997).
Sputtering with amorphous carbon led to a reduction in fouling resistance and pressure 
drop of around 50 % as compared to the untreated plates. D L C  sputtering did not reduce 
the fouling resistance and it even increased the pressure drop to a value twice as high as 
in case of untreated plates. Since the surface free energy o f the D L C  sputtered surfaces 
was as low as in case o f ion-implanted surfaces, the observed fouling behaviour with 
this treatment might be due to the high polar contribution o f the total surface free 
energy. On the other hand, the D L C  treatment reduced fouling significantly when 
applied to heater rods in subcooled flow  boiling as shown recently (van Buren, 1999). 
In case o f the TaC sputtered plates, the counter-productive effects of high surface 
roughness and low surface free energy could be shown. The rough surface provided an 
enhanced number o f nucleation sites for the crystallisation process, which led to a rapid 
formation o f deposits, although the TaC treatment produced the lowest surface free 
energy o f all plates.
Carbo-nitriding &  oxidising resulted in almost the same reduction in fouling resistance 
as in case o f the amorphous carbon sputtered heat exchanger plates, but increased the 
pressure drop slightly when compared to untreated plates.
No fouling at all was observed in case of the N i-P -P TFE  coated plates. Fouling 
resistance and pressure drop remained at the initial values, and no fouling layer or even 
individual salt crystals were found on the plates. Due to difficulties in using the E D T A  
titration method for the concentration checks during the experiments, and considering 
the fact that the surface free energy was of the same order as in case o f ion implanted
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plates, but with higher polar parts, it is most unlikely that only the reduced surface 
energy was responsible for the observed fouling behaviour. Analyses of a solution 
sample showed that N i was dissolved from the surface treatment into the salt solution, 
and damages at the surface treatment were observed. Therefore, it is most likely that 
dissolved substances from the N i-P -P TFE  coating had a profound influence on the 
solubility behaviour of the salts in aqueous solution.
Piclding o f the plates did not lead to the desired rougher surface conditions of the heat 
exchanger plates. Consequently, the observed fouling behaviour differed only slightly 
from that of the untreated plates. Electropolishing smoothened the surface finish, and 
hence reduced values for fouling resistance and pressure drop were observed when 
compared to untreated plates. The influence of higher surface roughness on the fouling 
behaviour was shown in case o f the TaC treatment leading to enhanced formation of 
deposits and subsequent rapid increase in fouling resistance and pressure drop.
A  strict correlation between surface free energy and fouling behaviour could not be 
established, but the general tendency in terms of reduced surface free energy leading to 
less deposit formation could be confirmed for different treatment methods when applied 
in a PHE. It  could also be shown that higher surface roughness increased the deposit 
formation onto the heat exchanger surface, whereas a smoother surface finish resulted in 
less deposit formation.
A fter conducting fouling experiments with cooling water from the Rhine river 
throughout the year 1999, it seemed that biofouling was not much affected by river 
temperature. Fouling tendency o f cooling water was lower than expected. It was 
dominated by river sediments, and a run time up to 19 days was insufficient to observe 
an asymptotic value even with flow velocities that were lower than those o f typical 
PHEs in production sites, which are designed for flow velocities between 0.3 and 0.5 
m/s.
However, at higher process temperatures (run 3) particle adhesion was reduced due to 
suppressed biofouling, and periodic increase and decrease o f the fouling layer indicated
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that an asymptotic fouling resistance has been reached. Because biofouling is observed 
in production plants even at higher temperatures, the observed fouling resistance should 
not be seen as an asymptotic value for the process conditions investigated.
The fouling behavior is known to vary within B A SF A G  in Ludwigshafen and during 
the year. Besides process conditions, the distance o f a production plant from  the B A SF  
waterworks is a parameter that influences fouling behavior. This can be explained by 
the effect o f residence time on the activity o f microorganisms and additional open (air 
water) heat exchangers were the cooling water is in contact with air. W ith  respect to the 
chosen location and operating conditions o f the test rig, induction time for biofouling 
was found to be about 600 hours. This was confirmed by tests performed in a large scale 
heat exchanger in the chlorine plant at B A S F AG .
12.1.2 Wax Deposition
Cold Finger Tests
The influence o f surface properties (surface free energy &  surface roughness) o f cold 
finger tubes on paraffin deposition has been investigated. In  order to carry out the 
experimental investigations, the surfaces of eleven stainless steel cold fingers have been 
modified using different surface treatment technologies. In  addition, the influence of 
different wax concentrations and deposition inhibitors has been investigated. BP 
provided the two inhibitors used.
Other experimental parameters like temperature, pressure and rotation o f the stirrer were 
kept constant for all experimental runs. A  solution made of n-decane, toluene and 
paraffin wax was used as the process fluid, and tap water was used as cooling medium. 
The wax concentrations were varied in the different runs. The last two runs were earned 
out in the presence o f different wax inhibitors.
A  strict correlation between surface free energy and fouling behaviour could not be 
shown, but the general tendency that reduced surface free energy (or a reduced polar 
part) and a smoother surface lead to less deposit formation could be hypothesised from
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the results o f the cold finger tests. However, due to the uncertainty o f the results no 
clear conclusion can be drawn.
As mentioned above, the results o f the cold finger tests were not satisfying and further 
investigation was needed. In addition, the tests were just indicative as they did not 
represent the hydrodynamic conditions, which exist in real pipelines. For that reason a 
new set o f modified pipe surfaces was investigated under flow  conditions. A  test facility 
was designed and constructed in the University o f Surrey. For the purpose of surface 
energy and roughness measurements each o f the new pipes was prepared together with a 
disk-sample, which had the same surface treatment. Thus, it was possible to determine 
the surface properties o f the new pipes in advance (Jahrig, 2001).
Dynamic Flow Conditions
It  was the aim of this work to investigate the influence o f surface properties (surface 
free energy and surface roughness) on wax deposition. For that purpose, a test rig has 
been established, in which two different tubes could be tested at a time with an 
additional untreated stainless steel tube as a reference. The tubes have been treated in 
different ways to modify their surface properties. For the investigation o f the influence 
of surface roughness on wax deposition, tubes were electropolished, sanded across the 
direction of flow  and sandblasted with different air pressures giving different surface 
roughnesses. The surface free energy o f tubes was reduced by plasma immersion ion 
implantation, ion sputtering, electroplating, chemical vapour deposition, commercial 
coatings and Ni-P-PTFE-coatings.
Solution composition, temperatures and the flow  velocity of the cooling water were kept 
constant in all experiments. First, solution flow  rates were altered to find out the best 
value for the following tests. Then they were kept at a constant level for all experiments. 
The wax solution consisted o f a mixture o f wax, toluene and decane, whereas tap water 
was used as the cooling medium.
The fouling resistance, Rf, was measured during the experiments and pictures were 
taken from all tubes. They were used to characterise the fouling behaviour as well as the 
amount o f wax that had deposited on the tubes.
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The results obtained do not allow a general conclusion for the influence of surface free 
energy or surface roughness on wax deposition. Some low-energy as well as some high- 
energy surfaces showed promising results, whilst other coatings with a similar surface 
energy did not mitigate fouling. Furthermore, a specific influence of the polar surface 
free energy on wax deposition could not be shown. Hence, no correlation between 
surface free energy and deposited wax could be developed. However, some comments 
have to be made to assess the usefulness of the coatings and treatments for application 
in crude oil pipelines.
Generally, the ion-implanted surfaces were successful in decreasing the amount of 
deposited wax, except for the E t implanted sample. They reduced the amount of wax 
considerably. An advantage of the ion implantation process is that the surface is very 
hard and the treatment cannot be scraped off easily, and an ion implanted stainless steel 
piece can still be worked with, without damaging the treated surface. One of the few 
disadvantages of ion implantation is that it is a rather expensive method of surface 
treatment. During the implantation process the surface has to be in a vacuum, which 
limits the treatment to smaller pieces. Although the vacuum could be applied easily 
inside a pipe, so far, no apparatus for implantation inside pipes exists.
Paints and other coatings are already in use in the oil industry, particularly for anti­
corrosion coatings. While both EK- and Pk-coatings did not show any effect on wax 
deposition, only about a third of the average value for the wax that had deposited on 
untreated stainless steel tubes was found on both Du-coatings. They could be applied in 
existing pipelines using the same procedures as for paints or other coatings, where the 
coating material is forced through the pipeline between two pigs. However, the 
durability and hardness of both Du-coatings should be investigated before application.
None of the polymer coatings showed a big influence on wax deposition. Although their 
application in pipelines would be relatively easy and not very expensive, a useful 
application is questionable due to their low durability. Despite the coating, there will 
always be some deposition of wax, which would have to be removed. With polymer 
coatings, it would not be advisable to use cleaning pigs since they could scrape off parts
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of the coating. Using chemicals as cleaning fluid could also affect the coating or 
damage it.
No promising result was achieved with the nickel-wolfram electroplated sample, the 
sputtered tubes and the CVD-coatings (Z 1 O2-Y 2O3 , AI2O3 and Ni90-A110). Therefore, 
an application in pipelines cannot be recommended.
The Ni-P-PTFE-coatings showed contrary results. While coating with Ni-P-PTFE 18% 
was very successful in mitigating wax deposition, even more wax was observed to 
deposit on the Ni-P-PTFE 35% coating. Since both coatings are very similar, but show 
such different results, it is not clear if these data are reliable. However, Ni-P-PTFE 
combines the advantages properties o f a polymer with the durability o f a Ni-P plated 
surface. An application in pipelines would be possible, too.
Both copper electroplated samples had a very small amount of wax adhered to them. 
Therefore, an application in pipelines would be more advisable than ion implantation 
since electroplating would be by far less expensive. However, no existing pipelines 
could be coated by the nature of the electroplating process. This would only be possible 
during pipeline production. Therefore, an analysis is to be made if the reduction in wax 
deposition and its positive effects overcomes higher production costs.
The amount of wax that had deposited on the sanded tube was found to be more or less 
constant irrespective of the flow rate because o f the microstructure of the surface. 
Therefore, for slow velocities sanding might be advisable to mitigate fouling, whereas 
at higher flow rates there is more wax than on untreated stainless steel surfaces. Hence, 
a useful application depends on pipeline characteristics.
Both sandblasted tubes had more wax deposited on their surface than the untreated 
stainless steel tube as well as the smooth electropolished sample. The only difference of 
the wax on the electropolished tube was that it adhered less strongly on the surface. But 
when applied, a wax removal with cleaning pigs (with scrapers) would not be desirable, 
since it would damage the surface and leave scratches. Therefore chemical treatment 
could be used, but would have to be applied even more frequently than for the untreated
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stainless steel pipe. Possibly, a combination o f chemical treatment with a soft cleaning 
pig would be successful leaving a clean surface. An advantage o f an electropolished 
stainless steel surface would be the protective passive oxide layer that could also 
prevent corrosion.
12.1.3 Corrosion
Corrosion rates were measured and then used to evaluate the corrosion behaviour of the 
modified surfaces. All the samples used for the corrosion experiments have been treated 
by applying an additional layer (coating) onto the surface. Therefore, the corrosion rate 
was dependent on the quality of the treatment. Complete coverage was essential to 
protect the surface from severe localised corrosion, since accelerated corrosion can 
occur at areas of coating damage. It was found that all the treatments could protect the 
carbon steel from severe corrosion. Some o f the treatments (Cr2C>3 , all Ni-S-P coatings, 
and all coatings containing Titanium) can offer reliable corrosion prevention of the 
substrate, presumably as a result o f eliminating local corrosion at the bottom of pinholes 
and structural defects, which are commonly presented in hard coatings. These 
treatments have fulfilled the requirements for corrosion inhibitors used in the Oil and 
Gas industry, which is a corrosion rate bellow 0.1 mm/a (For more information refer to 
Appendix A).
12.1.4 Experimental & Numerical Investigation of Fluid Flow in PHEs
Flow simulations in 3-dimensional heat exchanger ducts were performed, using a 
commercial CFD package. The objective was the prediction o f local flow patterns; 
temperature distribution, pressure drop as well as local heat transfer coefficients and 
wall shear forces.
Laminar and turbulent simulations with heat transfer were carried out for the corrugated 
section o f plate heat exchanger ducts. The flow velocity was varied in the range from 
Re=1000 to Re=3000. The RNG k-e model was chosen for the turbulent simulations, 
because of its capability to solve complex swirling flows even at low Reynolds 
numbers. Periodic boundary conditions were applied to produce a fully developed flow 
in the computational domain.
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The simulations of turbulent flow in corrugated ducts with two different corrugation 
angles, namely 30730° and 60760° have shown that the flow conditions in the wake of 
the contact point cause vortex formation leading to re-eirculation zones. Additionally 
stagnant zones around the contact point could be seen. Around the contact points high 
temperatures caused by heat accumulation were predicted. Since high temperature and 
low flow velocities are two criteria necessary for fouling to occur, the prevailing flow 
conditions are responsible for the risk o f deposition due to CaS04 crystallisation.
However, the flow structure in the wake o f the contact point is dependent upon the 
corrugation angle. At a low corrugation angle of 30730° the vortices are less developed 
with low flow velocities whereas at a higher corrugation angle 60760° a formation o f 
two vortices rotating with high peripheral velocity behind the contact point could be 
seen.
By analysing the wall shear stress and temperature near the contact point in dependence 
of the flow velocity and corrugation angle, the risk of deposition could be predicted. 
The numerical results showed that an increase in flow velocity has a high influence on 
the local wall shear stress, whereas the temperature field around the contact point is not 
affected. Therefore, the decrease in fouling deposition due to an increased flow velocity 
is mainly based on the existence of higher wall shear stresses.
Additionally the influence of the corrugation angle was examined. It could be seen that 
the wall shear stress at constant velocities is decreasing for increasing contact angles. 
The risk of deposition around the contact points, due to higher local wall temperatures is 
increasing with decreasing corrugation angles.
In comparison with experimental results o f flow in a 60760° Alfa Laval M3 duct the 
numerical result for the pressure drop showed a deviation of -31 %. This was caused by 
the inlet, outlet and distributors pressure drop, which were not included in the numerical 
calculations. The best agreement with a deviation of -4%  was found with pressure drop 
data for the corrugation only of a plate channel with a 60760° corrugation angle and 
similar amplitude and wavelength.
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The comparison of heat transfer has shown at Re>1500 a deviation not greater than 9 
%. At R e d 500 the deviation was in the range o f 25% to 40%. It was suggested that the 
flow is not fully turbulent in the computational domain leading to an over prediction of 
Nusselt number.
The numerical results o f pressure drop in a 30730° geometry showed a deviation in 
average of about -45% of the pressure drop obtained by measurements using an Alfa 
Laval M3 duct. Compared with experimental data obtained for the corrugated section of 
a plate channel with similar geometrical parameters, the turbulent numerical results for 
heat transfer deviated also. This is caused by the transition state in the computational 
domain over the range of Reynolds numbers between Re=1000 to Re=3000. Therefore 
laminar flow prediction showed better agreement with experimental data. This is 
probably caused by a lower turbulent state in some areas o f the computational domain 
leading to a better agreement of the numerical laminar and experimental result. The heat 
transfer prediction confirmed this assumption since the laminar results with heat transfer 
were closer to the experimental ones. Therefore it can be assumed that the flow in a duct 
with a corrugation angle of 30730° consists o f flow areas, which are nearly laminar so 
that a prediction with the laminar flow model leads to a better agreement with 
experimental results.
The numerical results obtained by turbulent simulations of flow in the 30730° and 
60760° geometry were compared and it could be seen that the heat transfer increased by 
increasing the corrugation angle. However this causes a higher pressure drop. This 
result is in good agreement with experimental data, concerning the influence of 
corrugation angle on heat transfer and pressure drop. Since these results, using tha 
original corrugation pattern looked very promising, new heat exchanger corrugations 
were designed to obtain favourable designs for low fouling applications.
Two new designs of plate corrugation were developed. The plates with asymmetrical 
corrugations have a corrugation angle of 60760°. The difference compared with a 
conventional Alfa Laval M3 duct (60760°) is that the sinusoidal wave is a combination 
o f two different wavelengths leading to an asymmetrical shape of the corrugation. The
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second plate design has an egg-box shaped design, consisting of quadratic elements 
with dimples with a corrugation angle of 90790°.
The asymmetric corrugation induced a vortex formation immediately behind the contact 
point, which caused high values of wall shear stresses in this region. However, the heat 
transfer was not significantly better in comparison with numerical results for the flow in 
a 60760° geometry. The comparison of pressure drop showed that the new design 
caused a higher pressure drop due to the strong vortex formation. Meanwhile for 
processes where a shut down due to fouling causes high costs this new design could be 
interesting.
The egg-box design showed high heat transfer rates at Re<2000 and lower pressure 
drops in comparison with a conventional 60760° corrugation. This result is somewhat 
surprising but it is suggested that a more longitudinal flow with less “energy” - 
consuming vortices is responsible for the high heat transfer rates at lower pressure 
drops. The wall shear stress, however, showed low values at larger parts o f the 
corrugated wall so that the fouling deposition is not reduced in comparison to the 
fouling behaviour in a conventional 60760° duct.
To investigate the flow pattern in real heat exchangers a test rig was built and the flow 
in a diagonal flow heat exchanger duct (Alfa Laval M3, 60760°) was visualised with the 
PEPT- method (Positron Emission Particle Tracking). Since the method is based on the 
detection of a radioactive particle the heat exchanger had not to be made of transparent 
material. Therefore for the first time the flow paths in a real plate heat exchanger duct 
could be investigated. This method allowed the localisation of the tracer and produced a 
set o f 3 cartesian coordinates and time. Conventional flow visualisation techniques 
usually only produce 2-dimensional representations of flow patterns. These results gave 
a good insight in the prevailing flow conditions. Low flow velocity zones could be 
detected, which are mainly located in the corners o f the inlet and outlet distributors. 
This is caused by the uneven flow distribution of the duct in a plate heat exchanger.
These results were compared with numerical simulations carried out with the laminar 
flow model in a corrugated geometry with flat in and outlet distributors. The size of the 
geometry did not allow a sufficient grid refinement to realise a turbulent simulation. 
The comparison showed that the experimental flow velocity distribution represents 
mainly the bulk flow velocity. The velocity of the tracer particle never reached high 
flow velocities up to 1 m/s, which were found in the numerical solution. The simulation 
showed more distinguishable results and therefore the validation o f numerical results 
with these experimental results is difficult. Further investigations have to be carried out 
to enhance the base o f experimental data.
To achieve a more even distribution of flow in a corrugated plate channel the plate 
geometry was redesigned. A plate with two ports on the topside and one port on the 
bottom side was generated. The flow in this plate channel showed less re-circulation 
because o f a smoother shape in the distributor regions, and hence should be less prown 
to fouling.
This study of flow in a corrugated duct has shown that CFD is suitable for 
investigations of flow and heat transfer in corrugated ducts with reasonable accuracy 
and is therefore a useful tool in the design stage of plate heat exchangers.
12.2 Outlook on Future Work
12.2.1 Numerical and Experimental Work on Surface Properties and 
Fouling
In this experimental investigation it could be shown that specially treated surfaces could 
mitigate fouling, wax deposition and corrosion significantly, even in industrial 
applications. Based on the encouraging results obtained in this study, several 
recommendations are put forward for future investigations:
1. While some of the results in this study looked very promising, in most cases the 
choice of surface treatment was more or less random and the causes of success were
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unpredictable. There is substantial scope for fundamental research related to the 
mechanisms of deposit formation and corrosion on ‘low surface energy’ surfaces.
2. To commercialise this technology a Literature & Technology review has to be 
prepared, to find out if there will be a chance in the future to treat all sizes and 
geometries. Especially for the Oil & Gas industry and for their existing assets the 
possibility o f a technique for an in-situ treatment of pipelines would be of high 
interest.
3. The use of low fouling surfaces for other relatively generic fouling problems, 
similar to cooling water fouling and corrosion has to be explored. Other options 
would be the prevention of fouling in food processing industries, or fouling on the 
hot end of oil production, like fouling mitigation in a preheat train of a refinery.
4. Also, investigations on the influence of surface roughness and topography on 
fouling should be intensified, especially in combination with an AFM analysis o f the 
surface. It has been proven that surface topography and roughness have a significant 
influence on fouling and corrosion behaviour of metallic surfaces. To obtain a better 
insight into those properties, the surfaces will have to be investigated using an AFM. 
Surface roughness in the nm range can be observed, adhesion forces between 
fouling deposits and the metallic surface can be measured, and surface compositions 
of the base material can be analysed.
5. Although no straightforward correlation between surface energy and crystallisation 
fouling could be found, there will be some potential o f surface energy in fouling 
mitigation. To establish an effective fouling mitigation strategy, the modification of 
interfacial characteristics at the interface crystal/metallic surface and of the 
hydrodynamic flow conditions at the interface crystal/aqueous CaS0 4  solution have 
to be combined. More detailed investigation of the influence o f modem surface 
texture parameters on fouling have to be undertaken. Investigations on the influence 
o f the polar contribution of the total surface free energy on fouling behaviour should 
also be intensified. Further investigations will enable to understand and to obtain a 
detailed image of the key factors influencing deposit formation and the relevant 
correlations between fouling and surface properties.
6 . For any land of coating, it is important that it is resistant to wear and tear over years. 
Therefore all coatings need to be tested for durability, friction, and adhesion to the
base material, high pressure, and temperature. But also for chemical resistance of 
the coating to the specific immersion conditions -  fresh, drinking or salt water, 
sewage, petroleum products, and chemicals, amongst others. Industry will only 
select coatings, which have gone through a sufficient field-testing phase. Because of 
the effects of temperature on many of the polymer coatings, their use is restricted to 
relatively low temperatures. Durability would be very important for applications in 
pipelines because of the frequent use of scraping pigs and chemical treatment.
7. In wax deposition, experimental work on two-phase flow would be o f future 
interest, since this is often found in pipelines. This would also increase shear forces 
leading to less wax deposition.
8 . In coiTosion, permeability o f treatments will be a very important factor. Otherwise, 
depending on the osmotic pressure gradient, any salt residues on the substrate 
dissolve and the coating might tend to osmotic blisters leading to failure of the 
protective coating.
9. The results in this report were obtained using the more popular geometric and 
harmonic mean (Owen, Schultz and Wu) to calculate ysi • The investigation of 
interfacial interaction based on modem theories such as the acid-base theory will 
have to be subject o f future research work. In this future research work, the 
electrical double layer forces, hydrophobic interactions, short-range repulsive forces 
and ion bridging interactions Oliveira (1997) will have to be taken into account with 
respect to fouling.
10. Understanding the mechanisms and kinetics o f fouling on modified surfaces might 
be furthered by the implementation of numerical simulation techniques. For 
example, the effect o f microstructural surface properties might be systematically 
evaluated by performing molecular dynamics calculations o f a given process fluid 
flowing over a surface under given conditions. Such an approach offers the 
possibility o f extracting useful information at a microstmctural scale o f scrutiny, 
which would be essentially intractable from experimental approaches, and o f pre­
evaluating surface treatments prior to their implementation.
The concluding approach of these recommendations is, that industrially relevant
research has to be combined with fundamentals of fouling, adhesion, corrosion and
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design o f plate heat exchangers and process plants to finally be able to design heat
transfer equipment for low fouling.
12.2.2 Numerical and Experimental Work on Design of PHE
Based on the findings mentioned above several recommendations are put forward for
future investigations in numerical simulation of heat exchanger design.
1. Increased computational resources should allow simulations of flow with a higher 
mesh density in the near future. Therefore grid independence studies could be 
earned out to prove the results o f this work.
2. Since the RNG k-e has shown larger deviations in the probable transition zone the 
use of a different low-Re turbulence model should be considered. Alternatively if 
higher computational resources were available using the Reynolds stress model 
could improve the results at lower Reynolds numbers.
3. An experimental test-section of newly designed corrugated ducts should be build to 
validate the numerical results o f this study.
4. The experiments with PEPT should be earned out with tracers with smaller sizes, to 
see if it is possible to visualise the high velocity streams, which occur in the small 
gaps near the contact points. This would perhaps also allow using a centrifugal 
pump to obtain a more uniform flow across the plate heat exchanger test-section. 
Additionally flow in plate heat exchangers of different corrugation angles and 
different flow arrangements (diagonal and side-flow) could be investigated.
5. Furthermore the simplified heat exchanger geometry of the whole duct, used in this 
CFD study, should include the corrugations of the inlet and outlet distributor 
regions. This would give a better insight in the prevailing flow distribution, which 
could be helpful to improve the design of these areas to prevent the deposition of 
fouling layers. However a fully turbulent simulation of flow in a whole plate 
channel with common computational resources is not attainable.
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Nomenclature
a+, a. Activity of anions and cations [mol/1]
A i Arrhenius constant H
aj Activity of component i [mol/1]
ap Plate corrugation amplitude [m]
b Parameter H
B Constant [-]
bP Channel gap [m]
c Concentration [mol/m3]
C Constant [-]
c Saturation concentration [g/1]
cb Concentration in bulk [mol/1]
Cb2 Constant [-]
Cp Concentration at the fouling layer [mol/1]
Ci Concentration of component i [mol/1]
Cp Specific heat capacity with constant pressure [J/kgK]
C ie Constant [-]
c2e Constant [-]
C3e Constant [-]
CllRNG Constant [-]
Cy Constant [-]
Cvl Constant [-]
d Diameter of tube [m]
D Diffusion coefficient [m2 /s ]
D Constant [-]
dE/dx Energy loss [eV/nm]
dh Hydraulic diameter [m]
di Inner diameter [m]
dM Mass fractal dimension H
Nomenclature
d0 Outer diameter [m]
ds Surface fractal dimension H
E Ion energy [eV]
E Wall roughness constant [-]
Ea Activation energy [J/mol]
f Fanning friction factor [-]
F Helmholtz free energy [J / kg]
F Enhancement factor H
Fad Adhesion force [N]
fvl Viscous damping [-]
G Overall excess Gibbs free energy [J/kg]
G Free energy or Gibbs energy [J]
Gb Generation of turbulent kinetic energy due to buoyancy [kg/s2]
Gk Generation of turbulent kinetic energy due to velocity [kg/s2]
Gv Production of turbulent viscosity [kg/s2]
AGcrit Change in free energy under homogeneous nucleation [J]
AG'crit Change in free energy under heterogeneous nucleation [J]
H Energy [J]
i Internal energy [J/kg]
I Ionic strength [mol/1]
k Heat transfer coefficient [W / m2 K]
k Thermal conductivity [W/mK]
k Turbulent kinetic energy [m2/s2]
K Arrhenius constant [m3/kg s]
Ka Activity solubility product H
kr Reactions rate constant [-]
Ksp Solubility product H
L Measured length [m]
L Characteristic length [m]
m Specific mass [kg /m 2]
m Ion mass [kg]
Nomenclature
m Constant [-]
m Mass [kg]
M Mass flow rate [kg /s]
md Growth rate of solid mass due to deposition per unit area [kg/m2s]
mr Decrease o f solid mass due to removal per unit area [kg/m2s]
mf Deposited solid mass per unit area [kg/m2]
n Number of molecules [-]
n Order o f reaction H
n Constant [-]
NBF Nucleate boiling fraction H
ni Amount of component i in bulk solution [mol]
Nu Nusselt number [-]
O Occupancy (dimensionless time ratio) [-]
P Pressure [Pa]
*
P Saturation pressure [N/m2]
Pr Prandtl number [-]
Q Heat flow rate [W]
q Heat load per area [W/m2]
r Radius [m]
R Ion range [Nm]
R Ideal gas constant [J/molK]
R Reynolds stress [Pam3/s]
Ra Average roughness (arithmetic) [pm]
Re Reynolds number [-]
Rf Fouling resistance [m2K/W]
R /
Asymptotic fouling resistance [m2 K /  W]
Rk Core roughness depth [pm]
Rpk Reduced peak height [pm]
R q Average roughness (quadratic) [pm]
Rvk Reduced valley depth [pm]
S Distance between thermocouple location and heater surface [m]
Nomenclature
s Entropy [ J /  kg IC]
s Suppression factor H
s Scalar measure of deformation [ - ]
sm Momentum source term [kg/m2s]
Ss Surface entropy [J/m2IC]
t Time [s]
T Temperature [K]
AT
1 X 1  lo g
Logarithmic temperature difference [K]
TA Total alkalinity [mol/1]
Tb Bulk temperature [K]
Tf Temperature of the fouling layer [K]
Ti Temperature of the inside of a boiler tube [K]
Ti Turbulent intensity [ - ]
To Temperature of the outside of a boiler tube [K]
Ts Surface temperature [K]
Ts Reaction temperature [K]
Tsat Saturation temperature [K]
Ttc Thermocouple temperature [IC]
T\v Wall temperature [IC]
U Velocity [m/s]
u Overall heat transfer coefficient [W/m2IC]
Uo Overall heat transfer coefficient under clean conditions [W/m2IC]
uf Overall heat transfer coefficient under fouled conditions [W/m2K]
Us Surface internal energy [J/m2]
V Molar volume [m3 /  mol]
V Velocity (y-direction) [m/s]
V Volume [m3]
V Volumetric flow rate [m3 /s ]
w Velocity (z-direction) [m/s]
W n, W 22 Interaction free energies [J]
Wp Plate width [m]
Nomenclature
X Wall thickness [m]
X Number of moles o f anions -
X Cartesian direction [m]
X Constant [-]
X Ratio of vt/v [-]
Xf Thickness of the fouling layer [m]
Y Number of moles of cations H
y Cartesian direction [m]
y+ Dimensionsless wall unit [-]
Yv Destruction o f turbulent viscosity [kg/s2]
z Parameter H
z Cartesian direction [m]
z+, z. Valency of anion and cation H
Greek symbols
r  Diffusions coefficient [kg/ms]
Fi Surface excess of component i [mol/m2]
a  Film heat transfer coefficient [W/m2K]
a G Outer convective heat transfer coefficient [W/m2K]
a c Clean heat transfer coefficient [W/m2Kj
(Xfb Flow boiling heat transfer coefficient [W/m2K]
(Xi Inner convective heat transfer coefficient [W/m2K]
<xk Inverse effective Prandtl number for k [-]
0Cnb Pool boiling heat transfer coefficient [W/m2K]
a E Inverse effective Prandtl number for e [-]
|3 Mass transfer coefficient [m/s]
Pp Plate corrugation angle [°]
Prng Constant [-]
8 Kronecker delta [-]
e Rate of turbulent dissipation per unit mass [m2/s3]
O Surface property factor [-]
0  Area enlargement factor [-]
-357-
Nomenclature
y Surface energy [N/m]
Yi, Y2, Ysfi You Yes Interfacial energy [J/m2]
Yi Activity coefficient of component i [-]
Bo Constant [-]
<P Flow property H
1C Karmann constant [-]
X Thermal conductivity [W/mK]
Xf Thermal conductivity o f the fouling layer [W/mK]
Am Second viscosity [kg/ms]
Xp Plate corrugation wavelength [m]
P Dynamic viscosity [Pas]
Peff Turbulent viscosity (RNG-model) [Pas]
Pi Chemical potential o f component i [J/mol]
Pt Turbulent dynamic viscosity [Pas]
V Molecular ldnematic viscosity [m2/s]
Vt Kinematic turbulent viscosity [m2/s]
0 ,fr Contact angle [°]
p Density [kg/m3]
Pf Density of fouling layer [Kg/m3]
a Surface tension [N/m]
a Interfacial area [m2]
o k Turbulent Prandtl number for k [-]
Oe Turbulent Prandtl number for 8 [-]
5 Friction factor [-]
Dimensionless Numbers
^ _  u • dh • p  Reynolds Number
fi
a - d h Nusselt Number
Nu - — —B 
X
c - u Prandtl Number
Pr =
Nomenclature
Indices
b Bulk
c Clean surface
c Cloud point
cl Crystal -  liquid interface
crit Critical
cs Crystal -  solid foreign body interface
cw Cooling water
/  Foulant
het Heterogeneous
hom Homogeneous
i Inner
in Inlet
I Liquid
Iv Liquid -  vapour interface
m Mean
o Outer
out Outlet
s Solid
s Surface
sl Solid foreign body -  liquid interface
sol Solution
sv Solid foreign body -  vapour interface
v Volumetric
wax Paraffin /  wax
